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A B S T R A C T  

This  r e p o r t   p r e s e n t s  t he  r e s u l t s  of a t h e o r e t i c a l  and ex- 
p e r i m e n t a l   s t u d y  of  the  c o r r e l a t i o n   o f   f l u c t u a t i n g   f o r c e s  on 
r i g i d   f l o w   s p o i l e r s  w i t h  the  r e s u l t i n g   s o u n d   r a d i a t i o n .   F o r  this 
exper iment ,  we developed a s y s t e m   o f   f o r c e   t r a n s d u c e r s   t o   m e a s u r e  
s imul t aneous ly ,   ye t   i ndependen t ly ,  the  drag   and  l i f t  components 
of t he  f l u c t u a t i n g   f o r c e s  on f l o w   s p o i l e r s   w i t h i n  an expepimental  
j e t -p ipe   sys t em.  

This  s tudy  i s  a c o n t i n u a t i o n   o f   a n   e a r l i e r   s t u d y *   w h i c h  
sugges ted  t ha t  t h e   n o i s e   f r o m   f l o w   s p o i l e r s   i n  a conf ined   envi ron-  
ment - such   a s  a hard-walled p i p e  - i s  o f   quadrupo le   ( r a the r   t han  
o f   d i p o l e )   n a t u r e ,   f o r   w h i c h  the  sound  sources  would b e  l o c a t e d  
i n   t h e   f r e e   s h e a r   l a y e r   p a s t  t h e  f l o w   s p o i l e r .  The p r e s e n t   s t u d y  
aimed t o  s o l v e  t h i s  q u e s t i o n  by c o r r e l a t i n g  the  f l u c t u a t i n g  l if t  
and   drag   forces   measured  on f l o w   s p o i l e r s ,   b o t h   u n d e r   c o n f i n e d  
a n d   f r e e f i e l d   e n v i r o n m e n t a l   c o n d i t i o n s ,  w i th  t h e   s o u n d   t r a n s -  
m i t t e d   f r o m   t h e   e x p e r i m e n t a l   j e t   p i p e  s y s t e m  i n t o  t he  f r ee f i e ld .  

The r e s u l t s   o f   t h e   s t u d y   s u g g e s t   s t r o n g l y   t h a t   s p o i l e r -  
g e n e r a t e d   n o i s e  i s  o f   d i p o l e   c h a r a c t e r ,   s i n c e  a d i r e c t   c o r r e l a -  
t i o n   o f   f l u c t u a t i n g   f o r c e s  w i t h  t h e  radiated sound was found. 

For e v a l u a t i o n   o f   t h e  data,  we developed a t h e o r y   t o   p r e d i c t  
the  sound  power  radiated  f rom  pipe- immersed  f low  spoi lers .   This  
t h e o r y   c o n s i d e r e d   t h e   e f f e c t   o f  t he  e n c l o s u r e  upon the  s o u r c e s  
a n d   t h e   e f f e c t   o f  p i p e  end   r e f l ec t ion .   Bo th   monopo le   and   d ipo le  
s o u r c e s   w e r e   t r e a t e d .  An i n c r e a s e  of t h e  dipole  sound  power  out-  
pu t  by  a f a c t o r   o f  3 f o r   f r e q u e n c i e s   b e l o w  t h e  p ipe   cu t -o f f  fre- 
quency was p red ic t ed   and   expe r imen ta l ly   con f i rmed ,  

* 
N A S A  Con t rac t  No. N A S  1-4974:  "Influence  of  Upstream  Flow D i s -  
c o n t i n u i t i e s  on the   Acous t i c  Power Radiated by  a Model A i r  J e t . "  
N A S A  CR-679 ( a l s o  BBN Report  No. 1 4 2 6 ,  1 9 6 6 ) .  I 
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I .  INTRODUCTION A N D  SUMMARY 

A .  The Noise o f  Fan-Jet  Engines 

Use o f   h igh -bypass - r a t io   f an - j e t   eng ines  f o r  t h e  new gener- 
a t i o n  o f  l a r g e   s u b s o n i c   a i r c r a f t  has l e d  t o  concern   about   the  
n o i s e   g e n e r a t e d  by th i s  type   o f   eng ine .   F igu re  1-1 shows a 
schemat ic   ske tch   o f  t h e  n o i s e   s o u r c e s   a s s o c i a t e d  wi th  a turbo-  
f an - j e t   eng ine .  The two pr imary  s o u r c e s   a r e  the f an   and   t he  
j e t . e x h a u s t ;   n o i s e   f r o m   t h e   f a n  i s  r a d i a t e d   t h r o u g h   t h e   i n t a k e  
and   the   fan   d i scharge   duc t ,   and   no ise  from t h e   j e t  i s  r a d i a t e d  
d i r e c t l y   i n t o   t h e   a t m o s p h e r e .   J e t   e x h a u s t   n o i s e ,   w h i c h   p r e -  
d o m i n a t e s   i n   f a n - l e s s   j e t   e n g i n e s ,   t y p i c a l l y  has a low-frequency, 
broad-band  charac te r ,   whereas   the   no ise   emi t ted   f rom  the   fan  
d i s c h a r g e   d u c t   c o n s i s t s  of higher-frequency  broadband  and  super- 
posed  discrete   f requency  components .  As e v i d e n t  from Fig .  1-2, 
which  shows a no i se   spec t rum f o r  a t y p i c a l  modern f a n - j e t   e n g i n e ,  
t h e   n o i s e   r a d i a t e d   f r o m   t h e   f a n   d i s c h a r g e  may exceed   the  
j e t   e x h a u s t   n o i s e  by 1 0  t o  20 dB. The need t o  r e d u c e   t h e   i n -  
t e n s e   f a n   n o i s e  has l e d  t o  t h e   p u r s u i t  of  a number o f  n o i s e  
reduct ion  programs.  Two a p p r o a c h e s   a r e   c u r r e n t l y   b e i n g   s t u d i e d  
[Ref. 13: (1) t rea tmen t  of t h e   e n g i n e   n a c e l l e  w i th  a c o u s t i c a l  
l i n ing ,   and  ( 2 )  adjustment  of engine   parameters  t o  minimize 
n o i s e   g e n e r a t i o n .   T a k i n g   t h e   l a t t e r ,  more idea l ,   app roach ,  
however ,   requires  a thorough  unders tanding  of  t h e   b a s i c  mechan- 
isms r e s p o n s i b l e  f o r  t h e   g e n e r a t i o n  of  f a n   n o i s e .  The p r e s e n t  
s tudy  aims t o  c o n t r i b u t e  t o  t h e   u n d e r s t a n d i n g  o f  t h e   n o i s e -  
genera t ing   mechanisms  in  the f a n   s e c t i o n s  o f  f a n - j e t   e n g i n e s .  

1 



B. Previous  S t u d y  

Our s tudy  i s  a con t inua t ion   o f   an  e a r l i e r  i n v e s t i g a t i o n  
[Ref.  2 1  of t h e  e f f e c t   o f   u p s t r e a m   f l o w   d i s c o n t i n u ' t i e s  on the  
a c o u s t i c  power rad ia ted  by  an a i r  j e t .  The r o t o r   a n d   s t a t o r  
blades of a f a n   i n   e s s e n c e  are  f f f l o w - s p o i l e r s "  t ha t  d i s t u r b   t h e  
f l o w   i n   t h e   a n n u l a r   d u c t   i n   w h i c h  t h e y  o p e r a t e ;   t h e   a s s o c i a t e d  
a c o u s t i c  phenomena obse rved   ou t s ide  t h e  d i s c h a r g e   d u c t   r e s u l t  
from t h e  i n t e r a c t i o n   o f   t h e s e   " f l o w - s p o i l e r s "  w i t h  t h e  oncoming 
f l o w ,   f r o m   a c o u s t i c   t r a n s m i s s i o n   p r o p e r t i e s   o f  t h e  e n c l o s u r e ,  
a n d   f r o m   t h e   a c o u s t i c   p r o p a g a t i o n   c h a r a c t e r i s t i c s   i n   a n d   o u t   o f  
t h e  d u c t .  The e a r l i e r   s t u d y  d e a l t  w i t h  t h e  n o i s e   g e n e r a t e d  by 
a f low-spoi le r   o f  a rb i t r a ry  s h a p e ,   i n  a hard-walled p i p e  as 
ske tched   i n   F ig .   1 -3 .  The empir ical   scheme that  was developed 
p e r m i t s  t h e  p r e d i c t i o n   o f   t h e   o v e r a l l   n o i s e   f r o m  the  exper imenta l  
conf igu ra t ion   f rom known s teady-s ta te   aerodynamic   paramet .e rs .  

Because  of   unsteady  forces   (act ing  on t h e  o b s t r u c t i o n  and 
t h u s  on t h e   f l u i d )  t h a t  r . e s u l t   f r o m   t u r b u l e n c e   i n  t h e  oncoming 
flow  and  from t h e  shedding   of   vor t ices   f rom t h e  o b s t r u c t i o n ,   t h e  
i n t e r a c t i o n   o f   f l o w  w i t h  r i g i d   o b s t r u c t i o n s   p r o d u c e s   n o i s e .  
Cur le  [Ref. 31 c o n s i d e r e d   t h e   s o u n d   r a d i a t i o n   f r o m  these  unsteady 
fo rces   and  showed t h a t  u n d e r   c e r t a i n   c o n d i t i o n s ,   a p p l i e d   f o r c e s  
on a f l u i d   c o r r e s p o n d   t o   a c o u s t i c   d i p o l e s ,  w i th  t h e  sound  power 
due t o  a f l u c t u a t i n g   f o r c e   v a r y i n g  as t h e  squa re   o f  t h e  f o r c e  
amplitude  and as t h e   s q u a r e   o f  a c h a r a c t e r i s t i c   f r e q u e n c y .  It is 
i m p o r t a n t   t o   n o t e  t h a t  i t  i s  the  unsteady  aerodynamic  components  
t h a t  r e s u l t   i n   s o u n d   g e n e r a t i o n ,   a n d   n o t  t h e  steady-state com- 
p o n e n t s .   I n  t h e  p rev ious   s tudy ,  t h e  magnitude o f  t he  f l u c t u a t i n g  
forces  were  assumed t o  b e  p r o p o r t i o n a l   t o  t h e  s teady-state  f o r c e s .  
The v a l i d i t y   o f  t h i s  assumption was s u b s t a n t i a t e d  by the  good 
c o r r e l a t i o n  t h a t  was o b t a i n e d   b e t w e e n   a c o u s t i c   a n d   s t e a d y - s t a t e  
fo rce   pa rame te r s .  
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The s t e a d y   d r a g   f o r c e   o n  t h e  s p o i l e r   e q u a l s  the s t a t i c  
p re s su re   d rop  Ap a c r o s s  t h e  s p o l l e r  times t h e  p i p e  area. The 

p r e s s u r e   d r o p   a c r o s s  t h e  s p o i l e r  was found t o  b e  the  most i m -  
p o r t a n t   p a r a m e t e r   i n  t h e  p rev ious ly   deve loped   equa t ion   fo r   ove r -  
a l l  a c o u s t i c  power IIoA a s s o c i a t e d  w i t h  t he  s p o i l e r - g e n e r a t e d  
n o i s e :  

where IIOA i s  t h e  sound  power radiated from the.  p i p e  e x i t ,  d i s  
t h e  p i p e  diameter, and pa  and  ca t h e  a tmospher ic   dens i ty   and  t h e  

speed   of   sound,   respec t ive ly .  The geometry  of t h e  s p o i l e r   d o e s  
n o t   e n t e r  t h i s  equa t ion ,   bu t  i s  i m p l i c i t   i n  t h e  p re s su re   d rop .  
T h i s  e q u a t i o n  i s  based on a d ipo le   mode l   o f   spo i l e r   no i se ;   and  
t h e  v a r i a t i o n  of  o v e r a l l   s p o i l e r   n o i s e  w i t h  t h e  s i x t h  power  of 
f l ow  ve loc i ty   p red ic t ed   f rom t h i s  equa t ion  has been  observed 
expe r imen ta l ly .  

However, some data  p o i n t s   f o r   s o u n d   p o w e r   i n  t h e  h i g h e r  
frequency  bands  were  found t o  f i t  an  eighth-power  dependence  on 
v e l o c i t y  b e t t e r  t h a n  t h e  above  mentioned  sixth-power law. A s  i s  
wel l  known, however,  an  eighth-power law h o l d s   f o r   q u a d r u p o l e  
sou rces .  It was t h e r e f o r e   s u g g e s t e d  t h a t  s p o i l e r - g e n e r a t e d   n o i s e  
i s  o f   quadrupo le   na tu re ,   and   a s sumes   d ipo le   cha rac t e r i s t i c s   be low 
the p ipe   cu t -o f f   f r equenc ie s   because   o f  t h e  s o l i d   p i p e - w a l l s .  If 

t h i s   s u g g e s t i o n  i s  t r u e ,   t h e n   s p o i l e r - g e n e r a t e d   n o i s e   w i t h i n  a 
confined  space  would b e  a s c r i b a b l e   t o  t h e  quadrupole   sources  
p r e s e n t   i n  the  f r ee  s h e a r - l a y e r   i n  t h e  f l o w   p a s t   t h e   s p o i l e r .  
Thus, t h e  very   fundamenta l   ques t ion   concern ing  t h e  n a t u r e   o f  t h e  

n o i s e   s o u r c e s   a s s o c i a t e d  w i t h  f l o w   p a s t   o b s t r u c t i o n s   i n   c o n f i n e d  
environment  remained t o  be r e s o l v e d ;  i t  i s  a t  t h i s  p o i n t  t h a t  

t he  p r e s e n t   s t u d y   b e g i n s .  
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C .  P r e s e n t   I n v e s t i g a t i o n  

To de termine  the v a l i d i t y   o f  t h e  "quadrupole- theory",  w e  
measured t h e  f l u c t u a t i n g  drag and l i f t  f o r c e s  on f low-spo i l e r s  
a n d   t h e   a s s o c i a t e d   r a d i a t e d   s o u n d s   u n d e r  b o t h  s imula t ed  free- 
f i e l d  and   conf ined   envi ronment   condi t ions .  An i m p o r t a n t   f r a c t i o n  
o f   o u r   t o t a l   e f f o r t  was devoted   to   deve lopment   o f  a system  of 
t r ansduce r s   capab le   o f   measu r ing   s imul t aneous ly   t he   f l uc tua t ing  
l if t  and   t he   d rag   fo rces  on a f l o w   s p o i l e r .  

Our e x p e r i m e n t a l   r e s u l t s   i n d i c a t e  t h a t  s p o i l e r - g e n e r a t e d  
n o i s e  i s  i n d e e d   r e l a t e d   t o  t he  f l u c t u a t i n g   f o r c e s ,   a n d  tha t  it 
r e s u l t s   f r o m   d i p o l e ,   r a t h e r   t h a n   f r o m   q u a d r u p o l e ,   s o u r c e s .  How- 
e v e r ,  w e  h a v e   a l s o  shown t h e o r e t i c a l l y  t ha t  the   conf inement  pro- 
v ided  by the   p ipe   wa l l   enhances   t he   sound  power r a d i a t e d  by  d i p o l e  
sources ,   and  we have  observed t h i s  enhancement   experimental ly .  

In   deve lop ing  the  t h e o r e t . i c a 1   e x p r e s s i o n s ,  we h a v e   a l s o  
looked   i n to   t he   changes  tha t  monopole r a d i a t i o n   c h a r a c t e r i s t i c s  
would suf fer   f rom  an   immers ion   in to  a confined  environment .  We 
have t o  t h i s  ex ten t   a l so   pe r fo rmed  a simple  experiment  whereby 
an  acoust ic   monopole  source was immersed i n t o  a hard-wall p i p e  
wi thout   f low t o  i n v e s t i g a t e  i t s  r a d i a t i o n   c h a r a c t e r i s t i c s .   I n  
a d d i t i o n ,  we s t u d i e d   t h e   e f f e c t   o f   r e f l e c t i o n  a t  t h e   p i p e   e n d  
on t h e  power r a d i a t e d   t o  tk,e f r ee f i e ld   f rom  bo th   t he   monopo le  
and d i p o l e   s o u r c e s .   F u r t h e r ,  we h a v e   i n v e s t i g a t e d  how t he  degree  
o f   t u r b u l e n c e   i n   t h e   f l o w ,   i m p i n g i n g  on t h e   s p o i l e r ,   a f f e c t s  t he  
f l u c t u a t i n g   f o r c e s   a n d   t h e   a s s o c i a t e d   s o u n d .  We s u b s t a n t i a t e d  
some r e s u l t s   o f   t h e   e a r l i e r   s t u d y  b y  c h e c k i n g   t h e   r e l a t i o n s h i p  
b e t w e e n   t h e   f l u c t u a t i n g   f o r c e s   a n d   t h e   s t e a d y - s t a t e   f o r c e s  ex- 
per i enced  by one p a r t i c u l a r   s p o i l e r .  

Because we o b t a i n e d   g o o d   c o r r e l a t i o n   b e t w e e n   f l u c t u a t i n g  
fo rces   and   sound   r ad ia t ion   and   because   ou r   expe r imen ta l   r e su l t s  

4 



agree w i t h  t h e o r e t i c a l   p r e d i c t i o n s ,  we f e l t  t h a t  t he  o r i g i n a l l y  
p l a n n e d   a d d i t i o n a l   s t u d i e s   o f   r o t a t i n g - j e t / s l o t   c o n f i g u r a t i o n s  
would  not  add t o   o u r   p r e s e n t   u n d e r s t a n d i n g   o f   f l o w - s p o i l e r   n o i s e ,  
a n d   t h e r e f o r e  w e  d id   no t   unde r t ake  them. 

The f o l l o w i n g   s e c t i o n s   o f  t h i s  report   summarize t h e  f o u r  
phases  of  o u r   e f f o r t :  

(1) Development  of a s y s t e m   f o r   m e a s u r i n g   f l u c t u a t i n g   d r a g   a n d  
l i f t  f o r c e s  on f l o w   s p o i l e r s .  

( 2 )  Development   o f   theory   for  ( a )  sound   r ad ia t ion   f rom  ae ro -  
dynamic   d ipole   sources   in  a ha rd -wa l l ed ' enc losu re ,   and  ( b )  

sound  propagat ion  within  and  out   of  a hard-walled p ipe .  

( 3 )  S t u d i e s   o f  t h e  r e l a t ion   be tween   fo rces   and   sound ,   fo r  a 
v a r i e t y   o f   f l o w   s p o i l e r s   u n d e r   b o t h   f r e e f i e l d   a n d   c o n f i n e d  
c o n d i t i o n s .  

( 4 )  Comparison  of t h e o r e t i c a l   p r e d i c t i o n   o f  Phase 2 w i t h  expe r i -  
men ta l   f i nd ings   o f  Phase 3. 
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11. FORCE MEASURING  SYSTEM 

A .  F l u c t u a t i n g - F o r c e   T r a n s d u c e r  

The fo rce   t l - ansduce r   (F ig .  11-11 t ha t  was d e v e l o p e d   f o r   o u r  
p rogram  cons i s t s   o f  a p a i r   o f   b a r i u m   t i t a n a t e   e l e m e n t s ,   p o l a r i z e d  
i n  t he  t h i c k n e s s   d i r e c t i o n ,   a s s e m b l e d  w i t h  t h e  f a c e s   o f  l i k e  
p o l a r i t y   a d j a c e n t   t o   e a c h   o t h e r   a n d   j o i n e d   t o  a common p la t in lun  
f o i l   e l e c t r o d e .  The barium t i t a n a t e   e l e m e n t s   a r e   h e l d   b e t w e e n  
s t a i n l e s s   s t e e l   p l a t e s ;  the  l o w e r   p l a t e  has a t h r e a d e d - s t u d   f o r  
f a s t e n i n g  the  t r a n s d u c e r   t o  a s u p p o r t i n g   s t r u c t u r e .  A t h i n   c o v e r  
p l a t e ,   c e m e n t e d   t o  t h e  t o p   o f  t he  t r a n s d u c e r ,   p r o v i d e s  a smooth 
s u r f a c e   f o r  the  s p o i l e r   a s s e m b l y   t o   c o n t a c t .  The f u n c t i o n   o f  
t he  l a y e r   o f   r u b b e r   a n d   o f  the  a d d i t i o n a l  metal cover  shown i n  
t he  f i g u r e  are e x p l a i n e d   i n   S e c .  C ,  below. 

B .  C a l i   b r a t i o n  

The f requency   response   o f  t h e  f o r c e   t r a n s d u c e r s  was found t o  
be completely f l a t  from 20 Hz t o  beyond 2 0  kHz. The t r a n s d u c e r s ,  
t h e r e f o r e ,   w e r e   c a l i b r a t e d  a t  only  one  f requency,  1 0 0  Hz. Each 
t r a n s d u c e r  was mounted  on a v i b r a t i o n   e x c i t e r   ( F i g .  11-2)  and 
was s u b j e c t e d   t o   a n   a c c e l e r a t i o n   o f  1 g a t  1 0 0  Hz. An added 

10-gram mass was f a s t e n e d   a t o p  t h e  c o v e r - p l a t e s   ( w h o s e   t o t a l  mass 
i s  0 .65  gram). The combined  masses of t h e   c o v e r - p l a t e s   a n d  the  
a d d i t i o n a l   w e i g h t   t h u s   e x p e r i e n c e d  a s i n u s o i d a l   a c c e l e r a t i o n   o f  
1 g ampl i tude ,  s o  t h a t  t h e   t r a n s d u c e r   e x p e r i e n c e d  a f l u c t u a t i n g  
f o r c e   o f  10 ,500  dynes.  Our force   measur ing   sys tem  used  a t o t a l  
o f   f o u r   f o r c e   t r a n s d u c e r s .  The peak-to-peak  output   vol tages   of  
each   t r ansduce r   r e spond ing   t o   t he   a fo remen t ioned   fo rce   were  
found t o   r a n g e   f r o m  1 1 6  t o  134 mV; t h e i r  s e n s i t i v i t i e s  were 
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found to range  f rom 3.9 x t o  4.5 x RMS m i l l i v o l t   o u t -  
pu t   per   dyne .  

C .  Force Measuring Apparatus 

A schemat ic   o f  t he  force   measurement   se t -up   appears   in  
Fig.  11-3. Since  w e  were i n t e r e s t e d   i n   b o t h  t h e  l i f t  and drag 
f o r c e s ,  w e  mounted  two  t ransducers   on  each  support ing  s t rut ,  
w i t h  t h e i r  s e n s i t i v e   a x e s  a t  r i g h t   a n g l e s .  Disks r i g i d l y   a t t a c h e d  
t o  t h e  ends  of  t h e  f l o w   s p o i l e r   s e r v e   t o  transfer t h e  f o r c e  on 
t h e  s p o i l e r   t o  t h e  t r a n s d u c e r s .   S e t  screws w i t h  rubbe r  t i p s  were 
u s e d   t o   h o l d  t h e  d i s k s  a g a i n s t  t h e  t r a n s d u c e r   f a c e s .  

F igu re  1 1 - 4  i s  a photograph  of  t h e  fo rce   measu r ing   appa ra tus  
f o r  o n e   p a r t i c u l a r  t e s t  c o n f i g u r a t i o n   i n   w h i c h  t h e  s p o i l e r  i s  
l o c a t e d  a t  t h e  p i p e   e x i t .   F i g u r e  11.-5 shows  one  of t h e  two s t r u t s ,  
removed  from the  j e t - p i p e .   F i g u r e  11-6 i s  a close-up  view  of t h e  
c a v i t y   i n   w h i c h  t h e  f o r c e   t r a n s d u c e r s  are  mounted. 

To be  able t o  measure t h e  two  f luctuat ing-force  components  
independently,   one  must keep t h e  in t e rac t ion   be tween  t h e  lift- 

fo rce   t r ansduce r   and  t h e  d r a g - f o r c e   t r a n s d u c e r   t o  a minimum. 
We checked t h e  " c r o s s - t a l k "   o f   e a c h   t r a n s d u c e r  p a i r  by  magneti- 
c a l l y   e x c i t i n g  a s p o i l e r   i n   o n l y  t h e  l i f t  o r  t h e  drag d i r e c t i o n  
and   r eco rd ing  t h e  s i g n a l s   o f   b o t h   t r a n s d u c e r s   o v e r  t h e  frequency 
r a n g e   o f   i n t e r e s t .  Our o r i g i n a l   f o r c e   m e a s u r i n g  s y s t e m  showed 
v e r y   p o o r   c r o s s - t a l k   c h a r a c t e r i s t i c s .  We overcame t h i s  d i f f i c u l t y  
by adding  t h e  p r e v i o u s l y   m e n t i o n e d   r u b b e r   l a y e r   a n d   a n   a d d i t i o n a l  
cover  p l a t e  onto  t h e  t r a n s d u c e r ,  as shown i n   F i g .  11-1, t o  pro-  
v i d e  a connec t ion  t ha t  i s  s t i f f  i n  the a x i a l   d i r e c t i o n   a n d   f l e x i b l e  
i n  t he  l a t e r a l  d i r e c t i o n .  The c r o s s - t a l k   c h a r a c t e r i s t i c s   f o r  th is  

improved  vers ion  of  t h e  t r a n s d u c e r s  were v e r y   s a t i s f a c t o r y ,  as 
i l l u s t r a t e d  by F ig .  11-7. 
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It was also e s s e n t i a l   t o   s t r u c t u r a l l y   i s o l a t e  the cover 
p l a t e s  of each   t r ansduce r   f rom the  p i p e  system, so  that the  t r a n s -  
ducer  would  respond  only t o  t he  f o r c e s  on the  s p o i l e r  and n o t   t o  
t he  n i p e  systems' v i b r a t i o n .   T h e r e f o r e ,  w e  u s e d   f l e x i b l e  wire 
c o n n e c t i o n s   f o r   t h e   c e n t e r   c o n d u c t o r   a n d   f o r  the  ground conductor  
(from the  c o v e r   p l a t e   t o  t he  p l u g )  of e a c h   t r a n s d u c e r .  
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111. EXPERIMENTAL  FACILITIES  AND  TECHNIQUES 

A. Air  Flow  Faci 1 i ty and  Measurement  Chamber 

I n  t h e  p r e s e n t   s t u d y  w e  u s e d   e s s e n t i a l l y   t h e  same a i r f l o w  
s y s t e m  as i n   o u r   p r e v i o u s  work d e s c r i b e d   i n   d e t a i l   i n   R e f .  2 .  A 

diagrammat ic   ske tch   o f  the air-f low  system  and the  measurement 
chamber  appears i n   F i g .  111-1. The flow  produced by a n   a i r c r a f t  
eng ine   supe rcha rge r  i s  fed through a n o i s e   m u f f l e r   v i a  a f l e x i b l e  
h o s e   i n t o   t h e   e x p e r i m e n t a l  j e t  s y s t e m .  C o n t r o l l i n g  the  speed of 
t h e   d r i v i n g   e n g i n e   a n d   b l e e d i n g   a i r   f r o m  the  s y s t e m  upstream  of  
the  p i p e  l e a d i n g   t o  t h e  j e t   e x h a u s t   k e e p s   t h e   r a t e   o f   a i r f l o w  
c o n s t a n t .  

The j e t   p i p e   e x h a u s t s   i n t o   a n   a c o u s t i c a l l y - t r e a t e d  chamber 
t ha t  i s  e s s e n t i a l l y   a n e c h o i c   f o r   f r e q u e n c i e s   a b o v e  250 Hz. The 
chamber  measures  approximately 1 2  ft by 1 2  f t  by 7 f t .  F igure  
111-2 i s  a photograph  of t h e  chamber wi th  t h e  e x p e r i m e n t a l   j e t -  
pipe  system. 

B. Flow  Spoilers 

1. S p o i l e r   types 

We performed  experiments  w i t h  s p o i l e r s   o f   t h r e e   d i f f e r e n t  
c r o s s - s e c t i o n a l  shapes as shown i n  F i g .  111-3: 

A s p o i l e r   o f   r e c t a n g u l a r   c r o s s - s e c t i o n  ( 1 . 2 7  x 0.63  cm), 
s u b s e q u e n t l y   c a l l e d   t h e   " s t r i p - s p o i l e r " ,  

A s p o i l e r  w i t h  a c r o s s - s e c t i o n   o f   0 . 3  cm x 2 . 3  cm wi th  a 
rounded  leading  edge  and a s h a r p   t r a i l i n g   e d g e ,   s u b s e q u e n t l y  
c a l l e d   t h e   " a i r f o i l " ,  

A s p o i l e r   o f   c i r c u l a r   c r o s s - s e c t i o n  ( 1 . 6  cm i n   d i a m e t e r ) ,  
s u b s e q u e n t l y   c a l l e d  t h e  " c y l i n d r i c a l - s p o i l e r " .  
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Our r easons  for choosing these s p o i l e r   c o n f i g u r a t i o n s  are 
given  below. 

Spoiler N o .  1, the s t r i p - s p o i l e r ,  was chosen t o   s t u d y   n o i s e  
phenomena  dominated by f l u c t u a t i n g   d r a g   f o r c e s .  Flow ove r  t h i s  
s p o i l e r   s e p a r a t e s   a t  t h e  s h a r p - e d g e d   c o r n e r s ,   l e a d i n g   t o   h i g h  
f l u c t u a t i n g   f o r c e s ,   p a r t i c u l a r l y   d r a g ,   a n d   t o   h i g h   a s s o c i a t e d  
n o i s e   r a d i a t i o n   i n   t h e   d r a g   d i r e c t i o n .  

Spoiler N o .  2, t h e   a i r f o i l   ( a n   " a e r o d y n a m i c a l l y   w e l l - s h a p e d  
body") ,  was chosen t o   s t u d y   n o i s e  phenomena c o n t r o l l e d  b y  f l u c t u -  
a t i n g  l if t  f o r c e s .   S i n c e ,   f l o w   s e p a r a t i o n   f o r  small angles   o f  
a t t a c k   o c c u r s   o n l y   c l o s e   t o  t h e  t r a i l i n g   e d g e ,   t h e   u n s t e a d y  l i f t  
f o r c e s   a r e   a n   o r d e r   o f   m a g n i t u d e   l a r g e r   t h a n  the  uns t eady   d rag  
f o r c e s .   I n   a d d i t i o n ,   f l u c t u a t i n g   f o r c e s  on a i r f o i l s   a r e   i m p o r t a n t  

n o i s e   s o u r c e s   i n   r o t a t i n g   m a c h i n e r y .  

The aerodynamic  and  acoustic  phenomena  due t o  f l o w   i n t e r -  
a c t i o n  w i t h  t h e  a i r f o i l  were t e s t e d   u n d e r   f r e e f i e l d   c o n d i t i o n s .  
It was n o t   p o s s i b l e   t o   o b s e r v e   s o u n d  that  might  have  been  gen- 
e r a t e d  by t he  a i r f o i l   w i t h i n   t h e   p i p e ,   s i n c e  t h e  ra ther  weak d r a g  
c o m p o n e n t s   o f   t h e   f l u c t u a t i n g   f o r c e  on t h e   a i r f o i l ,  a t  z e r o  o r  
small a n g l e   o f   a t t a c k ,  d i d  not   genera te   enough  no ise   above  the  
background  no ise   o f   emanat ing   p ipe   f low.   Noise   genera t ion  by 
the  a i r f o i l  d u e   ' t o   f l u c t u a t i n g  l i f t  f o r c e s   u n d e r   f r e e f i e l d   c o n d i -  
t ions,   however ,   exceeded the  j e t  n o i s e  - a l l o w i n g   t h e   c o r r e l a t i o n  
o f   n o i s e  and f l u c t u a t i n g   f o r c e  data. 

.The a i r f o i l  was mounted  onto t h e  side d isks  s o  t ha t  i t s  
q u a r t e r   c h o r d   l i n e   c o r r e s p o n d e d   t o  t he  c e n t e r   l i n e   b e t w e e n  t h e  
disks.  S i n c e   a e r o d y n a m i c   f o r c e s   o n   a n   a i r f o i l   a c t  a t  about  t h e  
q u a r t e r   c h o r d   d i s t a n c e   f r o m  t h e  l ead ing   edge ,  t h i s  placement 
minimized  undesirable  moments.  

Spoiler N o .  3 ,  t h e   c y l i n d r i c a l   s p o i l e r ,  was chosen   t o   check  
t h e  r e s u l t s   o b t a i n e d   f r o m   S p o i l e r  No. 1 with a s p o i l e r  of a 
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... - 

d i f f e r e n t  sh-ape. One migh t   expec t   d i sc re t e   f r equency  phenomena 
i n   c e r t a i n   R e y n o l d s  number r a n g e s   d u e   t o   p e r i o d i c   v o r t e x   s h e d d i n g  
and  could  then  s tudy  associated  sound  and  force  phenomena.  

2. In f luence  o f  t h e  f i r s t  bending mode frequency 

I n   m e a s u r i n g   f l u c t u a t i n g   f o r c e s  on a bar-l ike s p o i l e r ,  the  
presence   o f  modes i n f l u e n c e s  t he  response  a t  f r e q u e n c i e s  a t  and 
above i t s  f i r s t  bending mode f r e q u e n c y   a n d   t h u s   d i s t o r t s   e x p e r i -  
menta l  r e s u l t s .  One s h o u l d   t h e n   e x p e c t   u s e f u l  data from the  
experiments   only a t  f r equenc ie s   we l l   be low  the   fundamen ta l   pes -  
onance .   Ex tend ing   o f   t he   u se fu l   f r equency   r ange   r equ i r e s  a 
s p o i l e r  w i t h  the   h ighes t   poss ib l e   fundamen ta l   r e sonance .  We i n -  
c r e a s e d   t h e  f i r s t  bending mode frequency  of  t h e  s t r i p - s p o i l e r   a n d  
t h e  a i r f o i l  by d e c r e a s i n g   t h e  mass p e r   u n i t   l e n g t h   ( t h r o u g h  t h e  

use  of  Balsawood)  and by i n c r e a s i n g   t h e  r i g i d i t y  o f   t h e   s p o i l e r s  
( b y  i n s e r t i n g  a r e i n f o r c i n g  r i b  i n t o   t h o s e  two s p o i l e r s ) .  

The f i r s t  bending mode f r e q u e n c y   o f   t h e   s t r i p - s p o i l e r  was 
4500 Hz, o f   t h e  a i r f o i l  1500 Hz, and of  t he  c y l i n d r i c a l   s p o i l e r  
4500 Hz. 

Al though  these s t i l l  r e l a t i v e l y  low re sonance   f r equenc ie s  
seemed t o   r e s t r i c t   o u r   e x p e r i m e n t s ,  b y  n o r m a l i z i n g   t h e   f o r c e  data 
w i t h  r e s p e c t  t o  a d imens ion le s s   f r equency ,  w e  de te rmined   the   shape  
o f   t he   fo rce   spec t rum  ove r  a wide f r e q u e n c y   r a n g e ,   i n   s p i t e   o f  
t h e  measurement r e s t r i c t i o n s   i m p o s e d  by t h e   s p o i l e r   r e s o n a n c e .  

3 .  Spo i l e r   a r r angemen t s  

S ince   ou r   expe r imen t   a imed   t o   s tudy   t he   f l u id -dynamic   and  
a c o u s t i c  phenomena f o r   s p o i l e r s   b o t h   u n d e r   f r e e f i e l d   c o n d i t i o n s  
and  under constrained-environmental c o n d i t i o n s ,  w e  used  two d i f -  

f e r e n t   a r r a n g e m e n t s   ( F i g s .  111-4 th rough 6 ) .  F i g u r e  1 1 1 - 4  shows 
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t h e  spoi ler- t ransducer   assembly  employing the  a i r f o i l   e x t e r n a l l y  
of  the  j e t  p i p e   i n  t h e  " f reef ie ld" .  I n  t h i s  arrangement,  we in -  
serted a 1- inch-d iameter   converg ing   nozz le   in to  t h e  e x i t   p l a n e  
of  t h e  j e t  p i p e .  We thus  avoided  impingement  of t h e  h igh  speed 
a i r  f low on t h e  two s t r u t s  and   consequent ly   e l imina ted   an  addi- 

t i o n a l   n o i s e   s o u r c e   n o t  re la ted  t o  t h e  forces   measured  by t h e  
t r a n s d u c e r s .   F i g u r e  111-5 shows a photographic   v iew  of   the  
arrangements  w i t h  one s t r u t  removed f o r   c l a r i t y .  

The v e l o c i t y   p r o f i l e   a n d  the  t u r b u l e n c e   c h a r a c t e r i s t i c s  of 
a j e t  emanating  from a converg ing   nozz le  (which acted upon the  
a i r f o i l )  d i f f e r  g r o s s l y   f r o m   t h a t   o f   f u l l y   d e v e l o p e d   t u r b u l e n t   p i p e  
f low  (which  acted  upon t h e  s p o i l e r s ) .  However, t h e  c h a r a c t e r -  
i s t i c s   o f  t h e  impinging   f low  do   no t   in f luence  the  r e l a t i o n s h i p  
be tween   f l uc tua t ing   fo rces   and  radiated sound. 

The s p o i l e r - t r a n s d u c e r   a s s e m b l y   t o   s t u d y   f l o w   s p o i l e r s   u n d e r  
t h e  t l cons t r a ined   env i ronmen t"   w i th in  t h e  hard-walled p i p e  i s  shown 
i n   F i g .  111-6.  Here t h e  s p o i l e r   p i e r c e s  t h e  p ipe   t h rough  wall 
c u t - o u t s   s h a p e d   t o   p r o v i d e  minimum c l e a r a n c e   t o  t h e  s p o i l e r .  
Adding  var ious  lengths   of   pipe  downstream of  t h e  s p o i l e r   a l l o w e d  
t h e  s p o i l e r   t o  b e  l o c a t e d   i n  t h e  p i p e  a t  va ry ing  desired d i s -  

t a n c e s   f r o m   t h e   e x i t   p l a n e   o f  t h e  j e t - p i p e .  

For  t h e  i n - p i p e   s t u d i e s ,  t h e  s p o i l e r  was exposed t o   f u l l y  
deve loped   tu rbulen t   p ipe   f low.   In   one  t e s t ,  w e  changed t h e  de- 

gree o f   i n -p ipe   t u rbu lence  by i n s e r t i n g  a f i n e  mesh wire s c r e e n  
upstream  of t h e  s p o i l e r .  We w i l l  d e s c r i b e  t h e  a r r a n g e m e n t s   i n  
Chap. V. 
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C .  Data Acquisition  Systems 

1 .  Flow properties  

The s t a g n a t i o n   a n d   s t a t i c   p r e s s u r e s   u p s t r e a m  of t h e  f low 
s p o i l e r   f o r   i n - p i p e   l o c a t i o n s  were measured  using a P i t o t - s t a t i c  
tube.  T h i s  determined the  mear. f l o w   v e l o c i t y   i n s i d e  t h e  j e t -  
p ipe ,  as well as i n  t h e  co re   o f  t h e  j e t  emanating  from t h e  con- 
verg ing   nozz le .   Us ing  D I S A  ho t  wire anemometer  equipment, t h e  
o v e r a l l   t u r b u l e n c e   l e v e l s   a n d  t h e  t u r b u l e n c e   l e v e l s   i n   f r e q u e n c y -  
bands were measured i n  t h e  p i p e   f o r   c o n d i t i o n s   o f   f u l l y   d e v e l o p e d  
p ipe   f l ow  and   fo r   cond i t ions  of changed  f low  turbulence down- 
stream of the  f i n e  mesh wire sc reen   i n se r t s .   S imi l a r   measu remen t s  
were performed i n  t h e  j e t .  

2 .  F1 uctuati  ng-force d a t a  

To measure t h e  f l u c t u a t i n g   f o r c e s   i n   f r e q u e n c y   b a n d s ,  the  

s i g n a l  of e a c h   f o r c e   t r a n s d u c e r  was fed i n t o  a 1/3-octave  band 
a n a l y z e r  (B+K type  2111) via  an  impedance  match  and a preampli-  
f i e r .  The RMS ou tpu t   vo l t age   i n   1 /3 -oc tave   bands  was p l o t t e d  
versus   f requency  on a g r a p h i c   l e v e l   r e c o r d e r  (B+K type  2305)  and 
t h e  ou tpu t   vo l t age  was s u b s e q u e n t l y   c o n v e r t e d   i n t o   f o r c e   i n   d y n e s  
u s i n g   t h e  e a r l i e r  d e t e r m i n e d   s e n s i t i v i t y   o f   e a c h   t r a n s d u c e r .  We 
s imul taneous ly   observed  t h e  s i g n a l  on   an   osc i l loscope .   F igure  
111-7 p r e s e n t s  a block  diagram of t h e  force   measur ing  s y s t e m .  

3 .  S o u n d  d a t a  

The sound radiated from t h e  expe r imen ta l  j e t  s y s t e m  was 
measured w i t h  a 1/2-inch-diameter  condenser  microphone (B+K t y p e  

4133) and the  a c o u s t i c   s i g n a l  was fed  through a h igh  pass f i l t e r  
( w i t h  a cut-off   f requency  of  250 Hz t o   a v o i d  t h e  frequency  range 
f o r  which the  measurement  chamber was n o t   e s s e n t i a l l y   a n e c h o i c )  
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i n t o  an a n a l y z i n g   s y s t e m   c o n s i s t i n g   o f  a 1/3-octave-band  analyzer  
(B+K t y p e  2111), a g r a p h i c   l e v e l   r e c o r d e r  (B+K type  2305) ,   and a 
t a p e   r e c o r d e r   ( K u d e l s k i   t y p e  NAGRA 111-5). F igu re  111-8  shows a 
block  diagram  of  t h e  a c o u s t i c  data a c q u i s i t i o n   s y s t e m .  An os- 
c i l l o s c o p e  was used t o  check tha t  t h e  s i g n a l  was f r e e  from d i s -  

t o r t i o n s .  

The microphone i n  t h e  anechoic  chamber was suspended  from a 
boom s o  t ha t  i t  c o u l d   t r a v e r s e  a c i r c u l a r   a r c  w i t h  a 3 - f t   r ad ius  
around t h e  j e t  e x i t   i n  a ho r i zon ta l   p l ane   be tween  10' and  150' 
from t h e  downstream  axis  of t h e  j e t .  S o u n d   p r e s s u r e   l e v e l   s p e c t r a  
could  also b e  measured a t  v a r i o u s   f i x e d   a n g l e s  from t h e  j e t  a x i s .  
The o v e r a l l   s i g n a l   o u t p u t   o f  t h e  microphone  sweeping on i t s  
t r a v e r s e   a r o u n d  t h e  sound  source ( e i t h e r  t he  e x i t   p l a n e   o f  t h e  
j e t - p i p e ,  or the  e x t e r n a l l y   l o c a t e d   s p o i l e r )   c o u l d   b e   r e c o r d e d  
and s t o r e d   f o r  l a t e r  p rocess ing .  

D .  Data  Reduction  Techniques 

1. F 1  u c t u a t i n g   f o r c e   d a t a  

F igu re  111-9 shows t y p i c a l   r e c o r d i n g s   o f   f o r c e   s i g n a l s  
obtained  f rom t h e  two t r a n s d u c e r s   r e s p o n d i n g   t o   t h e   f l u c t u a t -  
ing   d rag   force   component .  A l l  f o rce   s igna l s   were   r eco rded   and  
ana lyzed   i n   1 /3 -oc tave   bands   i n  a frequency  range  f rom 20 Hz up 
t o  4 0 , 0 0 0  Hz. The s i g n a l s   i n  t h e  frequency  range a t  and  above 
the f i r s t  bending mode of t h e  p a r t i c u l a r   s p o i l e r ,   h o w e v e r ,  were 
q o t   u s e d   f o r   f u r t h e r   a n a l y s i s ,   s i n c e   t h e   s p o i l e r  a t  and  above 
t h i s  f requency   could   no   longer  be cons ide red  " r i g i d "  and t h e  s ig-  
na ls   f rom two co r re spond ing   t r ansduce r s  ( e i t h e r  the  two  "drag- 
t r a n s d u c e r s "  or t h e  two " l i f t - t r a n s d u c e r s " )   c o u l d   n o t   t h e r e f o r e  b e  

c o n s t r u e d   t o   r e p r e s e n t  t h e  t o t a l   f o r c e  on t h e  s p o i l e r .   S i n c e  t h e  
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v a l i d i t y   o f  t h e  sound   p re s su re  data measured i n  the  f r ee  f i e l d  ou t -  
s i d e  t h e  p i p e  h e l d  o n l y   f o r   f r e q u e n c i e s   a b o v e  250 Hz, t h e  f requency  
r ange   w i th in   wh ich   sound   and . fo rce  data could  be compared i s ,  i n  
f a c t ,   r e s t r i c t e d   t o  t h e  r ange   bo rde red  a t  t h e  low  end  by t h e  !!cut- 
o f f   f r equency"   o f  t h e  anechoic  chamber  and by the  f i r s t  bending 
mode f requency   of  t h e  s p o i l e r  a t  t h e   h i g h   e n d .  The range  of com- 
par i son   can ,   however ,  be  "extended" by u s i n g   f o r c e  data o b t a i n e d  a t  
lower  f low  speed  and by assuming a u n i v e r s a l   n o r m a l i z e d   S t r o u h a l  
f r e q u e n c y   s p e c t r u m   s h a p e .   F l u c t u a t i n g   f o r c e s   s c a l e  w i t h  t h e  
dynamic  pressure 1 / 2  p U 2 ,  and  hence  one  expects  t h e  f o r c e   l e v e l s  
2 0  logF/F, t o   s c a l e  w i t h  t h e  f o u r t h  power  of a t y p i c a l   v e l o c i t y .  
During t h e  whole  program we have  normalized a l l  f o r c e  data  by  

p l o t t i n g  2 0  l o g  (F/F,) - 40 l o g  ( U / U , )  v e r s u s  a n o r m a l i z e d   f r e -  
quency S = ( f  D/U). Here F i s  t h e   f l u c t u a t i n g   f o r c e   i n   d y n e s ,  
F, a r e f e r e n c e   f o r c e   e q u a l   t o  1 dyne, U i s  e i t h e r  t h e  j e t  exhaus t  
v e l o c i t y  or t h e  i n -p ipe   f l ow  ve loc i ty   i n   cm/sec   and  U ,  i s  a re fer -  
e n c e   v e l o c i t y   e q u a l   t o  1 cm/sec, f i s  t h e  c e n t e r   f r e q u e n c y   i n  Hz 
of  a third-octave  band  and D i s  a l e n g t h   d i m e n s i o n   i n  cm r e l a t e d  
t o  a typ ica l   d imens ion   o f  t h e  s p o i l e r .   N o r m a l i z e d   p l o t s  o f  f o r c e  
s p e c t r a   a r e   p r e s e n t e d   i n  Chap. V .  

2 .  Sound  d a t a  

Sound p r e s s u r e  data  were always r eco rded  a t  a f i x e d   d i s t a n c e  
of  3 f t  ( r a d i u s  of t h e  m i c r o p h o n e   t r a v e r s e ) ,   u s u a l l y  a t  90" and 
45O from t h e  downstream  axis   of  t h e  j e t ,  t o   o b t a i n   d i r e c t i v i t y  
i n f o r m a t i o n .  

Sound data  were a l s o   n o r m a l i z e d   v e r s u s  t h e  same nondimension- 
a1 f requency  S = f D/U t o   a l l o w   d i r e c t   c o m p a r i s o n  w i t h  normal- 
i z e d   f o r c e  data .  Sound   p re s su re   l eve l s  were normal ized  w i t h  t h e  

s ixth-power  of  a t y p i c a l   v e l o c i t y ,   s i n c e   d i p o l e   r a d i a t i o n  i s  
c h a r a c t e r i z e d  by  a s i x t h  power  of-   veloci ty   dependence.  
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Sound data were, t k l e r e f o r e ,   p l o t t e d   i n  terms of  
2 0  l o g  p/po - 6 0  l o g  U/Uo ver sus  t h e  S t rouha l   f r equency  S = f *D/U. 

Here p i s  t h e  sound   p re s su re   i n   dynes / cm2   and   po  i s  t h e   r e f e r -  
ence   sound  pressure  o f  2 x dynes/cm2.   Typical   normalized 
p l o t s   o f   s o u n d   s p e c t r a  w i l l  a p p e a r   i n  Chap. V .  
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I V .  T H E O R E T I C A L   C O N S I D E R A T I O N S   O F  T H E  A E R O D Y N A M I C   N O I S E  
R A D I A T E D   B Y   F L O N   S P O I L E R S   I M M E R S E D   I N  A P I P E .  

A .  I n t r o d u c t i o n  

The c l a s s i c  work i n  t h e  theo ry   o f   ae rodynamic   no i se   r ad ia t ed  
by f l o w   s e p a r a t i o n   f r o m  a s p o i l e r  i s  t h a t  of   Cur le  [Ref.  31. H e  
demonst ra ted  t h a t  f o r  a small f l o w   s p o i l e r   i n  f r ee  space  t h e  
radiated sound was d i p o l e   i n   c h a r a c t e r   a n d  was p r o p o r t i o n a l   t o  
t h e  t ime r a t e  o f   change   o f   t he   uns t eady   fo rces   ac t ing   upon  t h e  

o b j e c t .   S m a l l ,   i n  t h i s  c o n t e x t ,  means small i n  comparison t o  
t h e  wavelength  of  sound a t  t h e   f r e q u e n c y   i n   q u e s t i o n  - i n s u r i n g  
t h a t  t h e  f low f i e l d  i n   t h e   n e i g h b o r h o o d   o f  t h e  s p o i l e r  may b e  

t r e a t e d  as incompress ib l e .  The coupl ing  between  an  incompress-  
i b l e  i n n e r   r e g i o n   a n d   r e s u l t i n g   a c o u s t i c   r a d i a t i o n   t o   a n   o u t e r  
r e g i o n  i s  one  of t h e  key ideas i n  t h i s  d i s c u s s i o n .  T h i s  s epa ra -  
t i o n   g i v e s   g r e a t   i n s i g h t   i n t o  t h e  mechanism  of   sound  radiated by 
f low  spo i l e r s   immersed   i n  a p i p e .  

The t h e o r e t i c a l   e x p r e s s i o n   f o r   s o u n d  radiated by a f l u c t u a t -  
i n g   f o r c e  on a s t a t i o n a r y   o b j e c t   i n   f r e e   s p a c e  i s  

n ( w >  = W2F2 
12nPc3  

( IV-1) 

For sea l e v e l   s t a n d a r d   c o n d i t i o n s  t h i s  i s :  

II(f)  = f 2 F 2  X 2 . 2  10"l ( IV-2 ) 

where F i s  t h e   f o r c e   i n   d y n e s ,  f i s  t h e  f r e q u e n c y   i n  Hz, and ll 
i s  t h e  power i n  dyne-cm/sec. 

If w e  w i sh  t o   c o n s i d e r   s o u n d  radiated by t h i s  same flow 
s p o i l e r  immersed i n  a p i p e ,  we m u s t   i n v e s t i g a t e  how the  duct 
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walls a f f e c t  the  sound  power.  In t h i s  case ,  t h e  . f l o w   s p o i l e r  i s  
s t i l l  small compared t o  a wavelength ,   bu t ,  a t  low f r e q u e n c i e s ,  
the.  p ipe   d i ame te r  i s  a l s o  small, compared t o  a wavelength.  Thus, 
t h e  incompress ib l e   i nne r   r eg ion   o f  t h e  f low i s  modified  and t h e  

r e s u l t i n g   a c o u s t i c   r a d i a t i o n   c h a n g e d .  

If t h e  f l o w   s p o i l e r  i s  n o t   t o o   l a r g e ,   t h e   f l u c t u a t i n g   f o r c e s  
on i t  due t o   f l o w   s e p a r a t i o n  w i l l  b e  u n a f f e c t e d  by t h e  presence  
of t h e  duc t .   I n   any   ca se ,  t h e  f l u c t u a t i n g   f o r c e s  on t h e  f low 
s p o i l e r s   c a n  b e  measured  and we a re  t h e r e f o r e   i n  a d i r e c t   p o s i -  
t i o n  t o  assess t h e  e f f e c t   o f  t h e  duc t  upon the  sound  power rad i -  
a t i o n  by  a known f l u c t u a t i n g   f o r c e .  

I n  a recent   paper ,   Davies   and  Ffowcs Williams [Ref. 4 1  no ted  
t h a t ,  when a sound  source i s  c o n f i n e d   i n   a n   i n f i n i t e l y   l o n g   d u c t  
of diameter small i n  comparison t o  a wavelength,  t h e  c h a r a c t e r   o f  
t h e  problem  changes.from a t h r e e - d i m e n s i o n a l   t o  a one-dimensional 
s i t u a t i o n .  The acous t ic   impedance   of  the  surroundings  changes 
and  thus t h e  amount  of  sound  power radiated by t h e  source  changes.  
More important   f rom  an  aerodynamic  noise   viewpoint ,  t h e  dependence 
of  the  power  upon t h e  frequency of t h e  source  changes by a f a c t o r  
f 2 .  

In   ae rodynamic   no i se   t heo ry ,  t h e  c h a r a c t e r i s t i c   f r e q u e n c y   o f  
an  aerodynamic  source i s  assumed t o   i n c r e a s e   i n   p r o p o r t i o n   t o   f l o w  
v e l o c i t y .   T h e r e f o r e ,  a t  low f r e q u e n c i e s ,  t h e  familiar monopole, 
d ipole ,   and   quadrupole   sources ,  when c o n f i n e d   i n  a small d i ame te r  
d u c t ,  would  have  sound  power  outputs  increasing as U2,  U4 and U6, 
ra ther  t h a n  t h e  famil iar  U4, U 6 ,  and U 8  c h a r a c t e r i s t i c s   o f  these  
s o u r c e s   i n   a n   i n f i n i t e   f l u i d .  A s  the   f requency   of  t h e  sound  source 
i n c r e a s e s ,  t h e  sound  power rad ia ted  by t h e  s o u r c e   i n  t h e  duc t  ap- 

proaches t h e  f r e e f i e l d  case  - as would be  expec ted .  We must now 
inqu i re   whe the r   t he   enhanced   e f f i c i ency   and   i nc reased   sound  power 
a t  low frequency w i l l  be  measured i n  t h e  f r e e  space  beyond t h e  
end  of t h e  p ipe .  
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". 

Our e a r l i e r  e x p e r i m e n t s   o n   s o u n d   r a d i a t e d   i n t o  f r ee  space  
a t  the  end   o f  a p i p e  by f l u c t u a t i n g   f o r c e s  on f l o w   s p o i l e r s  
[ R e f .  23 i n d i c a t e d  t ha t  t h e  a c o u s t i c a l   r a d i a t i o n  was as if 
t h e s e   s o u r c e s  were i n   a n   i n f i n i t e   f l u i d .  Three remarks on t h e s e  
exper iments  are  i n   o r d e r :  

(1) While w e  d i d  not   measure t h e  f l u c t u a t i n g   f o r c e s  on the  flow 
s p o i l e r s ,  we d i d  assume tha t  t h e y  were p r o p o r t i o n a l   t o   t h e  
s teady  s t a t e  d rag .  The o v e r a l l  power  from a w i d e   v a r i e t y  
o f   f l o w   s p o i l e r s  was found t o  b e  p r o p o r t i o n a l   t o  t h e  cube 
o f  t h e  s t a t i c   p r e s s u r e   d r o p   a c r o s s  t h e  s p o i l e r  (Ap ) 3  and 
t o  t h e  s i x t h  power  of t h e  f low  ve loc i ty .   Thus ,  a d i p o l e  
n o i s e   s o u r c e  i s  i n d i c a t e d .  

0 

( 2 )  When t h e  no rma l i zed   spec t rum  shapes   fo r  a g i v e n   f l o w   s p o i l e r  
are  c o l l a p s e d   u s i n g  t h e  S t rouha l   f r equency ,   S=f  D/U, t he re  
i s  good  agreement a t  low f r e q u e n c i e s ,   b u t  some s c a t t e r  a t  
h i g h   f r e q u e n c i e s .  

( 3 )  The e f f ec t   o f   sou rce   conf inemen t  on the  ve loc i ty   dependence  
o f  t h e  Dower rad ia ted  by  a source  a t  low f r e q u e n c i e s  was n o t  
found. 

Obviously,  a more  complete  examination i s  i n d i c a t e d .   S i n c e ,  
i n  t h e  p re sen t   expe r imen t s ,  w e  have  measured the  spectrum  of t h e  
f l u c t u a t i n g  l i f t  and drag f o r c e s  on t h e  f l o w   s p o i l e r s   u n d e r  a l l  
t e s t  c o n d i t i o n s   f o r   w h i c h  f r e e  f i e l d  sound  measurements a re  
a v a i l a b l e ,  w e  have t h e  d e t a i l e d  i n f o r m a t i o n   n e c e s s a r y   t o   c o n s i d e r  
t h e  p r o b l e m   d i r e c t l y .   I n  t h e  a n a l y s i s   f o l l o w i n g ,  w e  sha l l  see 
t h e  f o l l o w i n g   r e s u l t s :  

(1) For a monopole   source   conf ined   in  a na r row  duc t ,  t h e  sound 
g e n e r a t e d   i n s i d e  t h e  duc t  i s  g r e a t e r  an'd d i f f e r s  by a f a c t o r  
f2 f rom  the  sound  generated by  t h i s  same s o u r c e   i n  f ree  
space .  
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( 2 )  When e n d   r e f l e c t i o n s  a t  the  open  end of  t h e  p i p e  are con- 
sidered, an  f 2  f a c t o r  i s  i n t r o d u c e d   i n  t h e  numerator  that  
r e t u r n s  the  dependence  on  f requency  . to  t he  f r ee f i e ld  case. 
The sound radiated i n t o  t he  f ree  s p a c e  i s  a small p a r t  of 
t h e  t o t a l  s o u n d   g e n e r a t e d   i n s i d e  t h e  d u c t .  

( 3 )  The monopole  source radiates  i n t o  t h e  f r ee  space   sur round-  
i n g  t h e  end   of   the  p i p e ,  t h e  same amount  of  power t h a t  it 
w o u l d   g e n e r a t e   i n   f r e e   s p a c e .  A t  low  f requencies ,  t h e  d i -  

r e c t i v i t y   p a t t e r n   f r o m  +,he end   of  t h e  p i p e  i s  s p h e r i c a l .  

( 4 )  For  a d i p o l e   s o u r c e ,   e f f e c t s  similar t o   t h o s e   i n  (1) and 
( 2 ) ,  a r e   n o t e d .  There i s  a n   i n c r e a s e   i n   e f f i c i e n c y  w i t h  a 
f a c t o r  f 2  due t o  t he  confinement   of  t h e  d i p o l e   s o u r c e .  End 
r e f l e c t i o n s  remove t h e  dependence  on f 2 ,  r e s t o r i n g  t h e  U6 
behav io r   o f  t h e  aerodynamic  dipole .  

( 5 )  A t  low f r e q u e n c i e s ,  there i s  a n e t   i n c r e a s e   i n   s o u n d  power 

radiated i n t o  the  f r e e f i e l d  by a f a c t o r   o f  3 above   t he  
power radiated by the  d i p o l e  i n  f r ee  s p a c e .   I n   a d d i t i o n ,  
a t  low f r e q u e n c i e s  t h e  r a d i a t i o n   f r o m  t h e  end  of  t h e  p i p e  

i s ,  o f   c o u r s e ,   s p h e r i c a l .  A t  low f r e q u e n c i e s ,   o n l y  t h e  
f l u c t u a t i n g   d r a g   f o r c e s   c o n t r i b u t e   t o  t h e  sound; a t  h i g h  
f r equenc ie s ,   con f inemen t   i n  t h e  d u c t   d o e s   n o t   a f f e c t  t h e  

power rad ia ted  by  t h e  sou rce .  

The i n c r e a s e  by  a f a c t o r   o f  3 i n  sound power radiated i n t o  f r ee  

space  by a conf ined   aerodynamic   d ipole   source  was an  unexpected 
r e s u l t .  The agreement w i t h  t h e  low  frequency data from t h e  ex- 
periment,   however,  i s  qu i t e   good .  We c a n   a l s o   d e t e c t   i n  t h e  
e x p e r i m e n t a l   r e s u l t s  t h e  crossover   f rom  low t o  h i g h  f requency  

behav io r ,   a l t hough  t h e  h igh   f requency  limit was n o t   r e a c h e d   i n  
t h e  e x p e r i m e n t   s i n c e   t h e   p i p e  diameter was only  2 i n c h e s .  
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It would be i n c o n s i s t e n t   t o   c o n s i d e r   t h e   e f f e c t  o f  s o u r c e  
e n c l o s u r e  upon the   sound  power w i t h o u t   c o n s i d e r i n g   e n d   r e f l e c -  
t i ons .   Bo th   o f  these e f f e c t s   o c c u r  when t h e  diameter o f   t h e   p i p e  
i s  small compared t o  a w a v e l e n g t h .   I n   t h i s   c a s e ,   b o t h   n e a r   t h e  
source ,   and  at t h e  end o f  t h e  p i p e ,  t he  i n c o m p r e s s i b l e   p a r t  of 
t h e  f low f i e l d  domina te s .   Geomet r i ca l   mod i f i ca t ion  o f  t h e  i n -  
c o m p r e s s i b l e   f i e l d   a f f e c t s  t h e  r e s u l t i n g   s o u n d   r a d i a t i o n .  

The p r o b l e m   o f   t h e   e f f e c t   o f   t h e   p i p e  upon the  sound  power 
r a d i a t e d   i n t o   f r e e   s p a c e   b e y o n d  t h e  end  of  t h e  p i p e  w i l l  be  con- 
s i d e r e d   i n   t h e   f o l l o w i n g   s t e p s ,   b o t h   f o r  t h e  monopole  and d i p o l e  
s o u r c e s :  F i r s t ,  we w i l l  c o n s i d e r   t h e   e f f e c t   o f   e n c l o s u r e   i n   a n  
i n f i n i t e  p i p e .  T h i s  w i l l  e s t a b l i s h   t h e   s i m p l e  model we w i l l  use 

f o r   t h e s e   s o u r c e s .   S e c o n d ,  we w i l l  c o n s i d e r   t h e   s o u n d   r a d i a t e d  
t o  t h e  f r ee f i e ld  by a s o u r c e   e n c l o s e d   i n  a s e m i - i n f i n i t e   p i p e .  
We w i l l  a l s o   d i s c u s s ,  a t  t h e   e n d  of t h i s  S e c t i o n ,  t he  q u a l i t a t i v e  
behav io r  as t h e   s o u r c e   l o c a t i o n  moves down t h e  p i p e   i n t o  t he  free- 
f i e l d .  

Our a n a l y s i s  w i l l  i g n o r e   t h e   e f f e c t   o f  mean f low  upon  the 
sound  power  generated  and  upon t h e  mechan ics   o f   end   r e f l ec t ions  
a t  t h e   f r e e  e n d   o f   t h e   p i p e .  T h i s  q u e s t i o n  w i l l  be  t r e a t e d   i n  
t h e   f u t u r e .  

I n   t h e   e x p e r i m e n t s ,   f l o w   v e l o c i t i e s  up t o  M=0.4 were ach ieved .  
The data show agreement w i t h  t h e  t h e o r y   a n d   i n d i c a t e  no s y s t e m a t i c  
t r e n d  w i t h  f l o w   v e l o c i t y .  

B. The Effect  o f  Enclosure Upon the  Sources 

The v e l o c i t y   p o t e n t i a l  at a p o i n t  on t h e  x-axis   due t o   t h e  
monopole c o n f i g u r a t i o n  shown i n   F i g .  I V - l a  i s  g iven  by 
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where r = m ,  and 5 i s  t h e  s o u r c e   s t r e n g t h .  
i n t o   f r e e   s p a c e  by t h i s  sou rce  i s  

To a c c o u n t   f o r   e n c l o s u r e   i n   a n   i n f i n i t e   d u c t ,  

( IV-3 

The power radiated 

(IV-4) 

one   cou ld   p l ace   an  
i n f i n i t e  number o f   s o u r c e s  at s u i t a b l e  image p o i n t s   i n  t h e  y , z  
p l ane  as i n  Fig.  I V - l b .  For  t h e  case  where t h e  s i z e  of t he  duc t  
i s  l a r g e   i n   c o m p a r i s o n   t o  a wavelength,  we are j u s t i f i e d   i n  plat- 

i n g  a u n i f o r m   d e n s i t y   o f   s o u r c e s   o f   s t r e n g t h  S '  per  u n i t  area as 
i n  F i g .  IV- lc   and   in tegra . t ing   over  t h e  y , z   p l ane .  T h i s  a l l o w s  a 
c l e a r e r   d e m o n s t r a t i o n  o f  t h e  t r a n s i t i o n   f r o m  three  d i m e n s i o n s   t o  
one. The v e l o c i t y   p o t e n t i a l   f o r  t h e  c o n f i g u r a t i o n   s k e t c h e d   i n  c 
i s ,  t h e n ,  

i ( u t - k m )  
@ ( x , t )  = - - 2 RdR . ( I V - 5  

R 

C o r r e c t   i n t e r p r e t a t i o n   o f  t h i s  weak ly   conve rgen t   i n t eg ra l   g ives :  

S .i( Ut-Rx) 44x , t )  = (IV-6) 
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T h i s  i s ,  of course ,  the  p o t e n t i a l   f o r  a one-dimensional   acoust ic  
t r a v e l i n g  wave from a p i s t o n   o s c i l l a t i n g  w i t h  v e l o c i t y   ( S ' / 2 ) e  . 
The remaining half  of t h e  volume  f low  creates  a one-dimensional 
a c o u s t i c  wave t r a v e l i n g   o u t   a l o n g  the  nega t ive   x -ax i s .  

i w t  

For  a source  of  s t r e n g t h  S e n c l o s e d   i n  a duc t   o f  area ... 
A, S t = ( S / A ) .  The  power output   f rom t h i s  sou rce  i s  t h e n  

- p c s 2  
'duct 2 A  ' 

- 

We can   ob ta in  t h i s  same conc lus ion  by  c o n s i d e r i n g  t h e  model 
s k e t c h e d   i n   F i g .  IV-1d. T r e a t i n g  t h e  f l o w   i n  a small reg ion   about  
t h e  source  bounded by  two  imaginary  surfaces upon  which u i s  con- 
s t a n t  as incompress ib l e ,  w e  see tha t  t h e  p a r t i c l e   v e l o c i t y  upon 
these s u r f a c e s  i s  u=(S/2A). The sound  power r a d i a t e d   i n t o  t h e  

duc t  by these  p i s t o n s  i s  

- 2  

ll = 2pc (&)  A ( I V - 8 )  

which i s  t h e  same as Eq. ( I V - 7 ) .  Comparing  Eqs. ( I V - 4 )  and  (IV-8) 
shows t h e  e f f e c t   o f  t h e  confinement  upon t h e  power. The power 
rad ia ted  i n t o  t h e  'duct  depends  upon t h e  s i z e   o f  t h e  duc t .  The 
l a t t e r  formula i s  an   approx ima t ion   va l id   fo r  low f r equenc ie s   such  
t ha t  X>>dA. 

Simi la r   conc lus ions   can  be  drawn f o r  t h e  h ighe r   o rde r   acous -  
t i c   s o u r c e s .  The v e r t i c a l   d i p o l e ,   o r   f l u c t u a t i n g   l i r ' t   f o r c e ,   t o  
t h i s  o r d e r  would n o t  r ad ia t e  a t  all while  t h e  a x i a l   d i p o l e  or 
f luc tua t ing   d rag   fo rce   becomes ,   unde r   con f inemen t ,  a one-dimensional 
p i s t o n  w i t h  a p r e s s u r e   o f  

23 



F 
P = X '  

a c t i n g  upon  each  face as s k e t c h e d   i n   F i g .  IV-le. 

The power radiated by a d i p o l e   i n  f ree  space  i s  

(IV-10) 

where F i s  the   magni tude  of  the  f l u c t u a t i n g   f o r c e .  

The power radiated i n t o   a n   i n f i n i t e   d u c t  by t h i s  f l u c t u a t i n g  
f o r c e  i s  

( I V - 1 1 )  

The dependence  of  sound  power  upon  frequency  changes  by a f a c t o r  
u2 f o r   a n   " a x i a l "   d i p o l e  immersed i n  a p i p e .   I n   a d d i t i o n ,   t h e  
power  depends  not  only  upon the  f o r c e ,   b u t  upon the c r o s s - s e c t i o n a l  
a r e a   o f  the d u c t .  

Fo l lowing   t he  same argument,  l a t e r a l  quadrupo le   sou rces  would 
b e  e x p e c t e d   t o   r a d i a t e  no  sound while  t he  l o n g i t u d i n a l   q u a d r u p o l e s  
would d i s p l a y  a change i n  t h e  dependence  of t h e i r  power  upon f re-  
quency. ( T h i s  may p r o v e   u s e f u l   i n   s e p a r a t i n g   t h e s e  two types   o f  
q u a d r u p o l e s   i n   j e t   n o i s e   e x p e r i m e n t s . )  

These a r g u m e n t s   p e r t a i n   t o  t he  power d e l i v e r e d   t o  the duc t  
by t h e s e   a c o u s t i c   s o u r c e s .  The power  which  passes  across the e x i t  
p l a n e   o f   t h e   d u c t   i n t o   t h e  f r ee  environment i n  which w e  make o u r  
measurements w i l l  b e   f u r t h e r   i n f l u e n c e d  by  the impedance  mismatch 
p r e s e n t e d  by  t h e   d u c t   e x i t   t r a n s i t i o n .  T h i s  i s  c a l l e d  the end 
r e f l e c t i o n   e f f e c t .  
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C .  End Reflect ions  

P h y s i c a l l y ,   r e f l e c t i o n   o f   s o u n d   b a c k   i n t o  a p ipe   o f  small 
diameter occurs   because the  f ree  space   su r round ing  the end cannot  
a c c e p t  the  large p r e s s u r e s   a s s o c i a t e d  w i t h  the  one-dimensional 
a c o u s t i c   w a v e s   i n  t h e  duc t .  The boundary   condi t ion  a t  a free 
end i s  approximate ly  t h a t  o f   z e r o   p r e s s u r e .   I n  t h i s  case ,  t he  
sound  would be  c o m p l e t e l y   r e f l e c t e d   b a c k   i n t o  t h e  p i p e .   I n  
r e a l i t y ,  however, t h e  f l u i d  a t  t h e  end  of  t h e  p ipe   can   accept  a 
small u n s t e a d y   p r e s s u r e   p r o p o r t i o n a l   t o  t he  i n e r t i a  or appa ren t  
mass o f  the  f l u i d   s u r r o u n d i n g  the  end o f  t h e  p ipe .  If there i s  
no mean f low,  we c a n   i d e a l i z e  t h i s  end by c o n s i d e r i n g  a small 
p i s t o n   o s c i l l a t i n g  w i t h  t w i c e   t h e   p a r t i c l e   v e l o c i t y   i n  t h e  i n c i -  
d e n t   a c o u s t i c  wave, t h e  f a c t o r  two  coming  from t h e  a l m o s t   p e r f e c t  
r e f l e c t i o n  a t  t h e  p ipe   end .  T h i s  i s  s k e t c h e d   i n   F i g .  IV-2a. 

The power radiated i n t o   f r e e   s p a c e  b y  a piston, .   of  area A 

and   ve loc i ty   2u ,   enc losed   i n  a ba f f l e ,  i s  

- % - ( 2 U l 2  . pck2A2 
21T (IV-12) 

However, ou r   p ipe   end  radiates  i n t o  a s o l i d   a n g l e  of 47r 
r a the r  t h a n  27r. A s  i s  shown i n  [ R e f .  51,  t h i s  reduces  by  a f ac -  
t o r   o f  2 t h e  amount of  power  which the  f ree  space  w i l l  a c c e p t .  
The power radiated a t  t h e  p ipe   end  i s  t h e n  

nt = P T  ck2A2  (2u)2 . (IV-13) 

The t r a n s m i s s i o n   c o e f f i c i e n t   f o r  t he  u n b a f f l e d  end of  a p i p e  a t  
low f r e q u e n c i e s  i s  t h e n  
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(IV-14) 

Applying t h i s  r e s u l t   t o  t h e  p o w e r   g e n e r a t e d   i n   a n   i n f i n i t e   d u c t  
f o r  a d ipole   and   monopole   source   g ives  t h e  e x p r e s s i o n s   f o r  t he  
e n e r g y   r a d i a t e d   t o  f ree  space  by these s o u r c e s  

'monopole 
- ( due; ) ' p w 2 S v 2  

'monopole 
- 

T=-"- 

and 

( IV-15 ). 

(IV-16) 

For t h e  monopole, t h e  power radiated i s  the  same; f o r  the 

d i p o l e ,  i t  i s  g r e a t e r  by a f a c t o r   o f   t h r e e  t h a n  the  same s o u r c e  
i n   f r e e   s p a c e .  The d i r e c t i v i t y   o f   t h e   r a d i a t i o n   o f   s o u n d   f r o m  
t h e  end   o f   t he   p ipe  i s  s p h e r i c a l   f o r   b o t h   s o u r c e s .  

The s i m p l e   c o n s i d e r a t i o n s   g i v e n   a b o v e ,   a l t h o u g h   p h y s i c a l l y  
a p p e a l i n g ,   a r e   n o t   s t r i c t l y   v a l i d ,   s i n c e   d i s t u r b a n c e s  do  not  d i e  
out  w i th  d i s t ance   i n   one -d imens iona l   acous t i c   waves .   The re fo re ,  
t h e   p i p e   e n d  w i l l  a f f e c t  t he  impedance  seen by  t h e   s o u r c e  and 

t h u s   g i v e  the  amount  of  power  generated by the  source .  It w i l l  
t u r n   o u t ,   a f t e r   a n a l y s i s   o f  t h i s  problem, t h a t  Eqs. (IV-15) and 
(IV-16) a r e  s t i l l  v a l i d   a n d ,   a l t h o u g h  t h e  s o u r c e   o u t p u t  i s  af- 
f e c t e d ,  t h a t  the  sound i s  radiated u p s t r e a m   t o   i n f i n i t y   i n  t h e  

P ipe  
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D .  Analysis o f  a Monopole and Dipole Near the End o f  a Duct. 

The c o n f i g u r a t i o n   o f  the  monopole  and d i p o l e   s o u r c e s   i n  t h e  
duc t  are s k e t c h e d   i n   F i g .  IV-2b and  c.  The d i ame te r  i s  small i n  
comparison w i t h  a wavelength,  while the  l e n g t h  R i s  a t  least  o f -  
t he  o r d e r  of  a wavelength.  T h i s  l a t t e r  r e s t r i c t i o n   a l l o w s   u s   t o  
c o n s i d e r   s e p a r a t e l y  t h e  r eg ion   a round  the  source  and the  f ree  
end  coupled by a r e g i o n  tha t  can   on ly   p ropaga te   p l ane   acous t i c  
waves. 

R e f e r r i n g   t o  t he  s k e t c h   i n   F i g .  IV-2b f o r  t h e  monopole 
sou rce ,  w e  make the  f o l l o w i n g   c o n s i d e r a t i o n s :  

The r eg ion   su r round ing  the  source  may b e  t reated as incom- 
p r e s s i b l e ;   t h e   e f f e c t   o f  t he  source  i s  e q u i v a l e n t   t o  two  imagin- 
a r y  p i s t o n s   o f   s p e c i f i e d   v e l o c i t y   e s s e n t i a l l y   l o c a t e d  a t  x=O. 
A m a s s l e s s   p i s t o n   o f   a r e a  A r a d i a t i n g   i n t o   t h e   f r e e   s p a c e  may 
r e p l a c e   t h e   f r e e   e n d  o f  t h e  p i p e .  The p r e s s u r e  i s  cont inuous  
a c r o s s  x=O, t h e  s o u r c e   r e g i o n .  For R>x>O, w e  have  both  an up- 
stream and  downst ream  t rave l ing  wave; for x<O, we have  .only  an 
upstream wave .   These   cons ide ra t ions   a r e   exp res sed   be low  in  t h e  

e x p r e s s i o n s   a n d   b o u n d a r y   c o n d i t i o n s   f o r   t h e   v e l o c i t y   p o t e n t i a l .  

O<x<R,$ ( x , t )  = $ l e  + i (kx-ut ) -i (kx+ut  ) 
+ 

P+(O) = P - ( o )  
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the s o l u t i o n  t o  these e q u a t i o n s  i s  

.., + 4 ( x , t )  = 2ikA ' e  - i w t  [ , ikx -e ik( ~ R - x ) ]  3 ( IV-18) 

The s o l u t i o n  i s  a f f e c t e d  by R, t h e  d i s t a n c e  of t h e   s o u r c e  
from t h e  f r ee  end.  However, t h e  power  measured i n  f ree  space  
depends  only  on t h e  p a r t i c l e   v e l o c i t y  a t  t h e  f ree  end ,   u ( f i> .  
T h i s  i s  

U ( R , t )  = - 2 ,ikR . 
A ( I V - 2 0 )  

The e f f e c t   o f  R i s  t o  c o n t r i b u t e  only  a phase  s h i f t .  

FrQm Eq.  ( IV- l3) ,  t h e  power radiated i n t o  f r ee  space  w i l l  be  

(IV-21) 

T h i s  i s  t h e  same as t h e  e x p r e s s i o n  for t h e  power radiated b y  

t h i s  s o u r c e   i n   f r e e   s p a c e .  The remain ing   power   t rave ls   ups t ream 
t o   i n f i n i t y   i n  t h e  model. F o r  t h e  case  of a monopole i n  a f i n i t e  
d u c t ,   r e s o n a n c e s   a r e   p o s s i b l e   a n d  t h e  power i s  a v e r y   s e n s i t i v e  
func t ion   o f   t he   f r equency   and  t h e  l e n g t h  2 .  The expe r imen ta l  
s i t u a t i o n   a p p e a r s   t o  be more c lose ly   approx ima ted  by  t h e  semi- 
i n f i n i t e   p i p e ,   s i n c e  t h e r e  i s  a l a r g e   u p s t r e a m   m u f f l e r   i n  t h e  d u c t .  

A s imilar a n a l y s i s  for t h e   d i p o l e  w i l l  now b e  done. The 

s e t  of e q u a t i o n s  for t h e  d i p o l e   s o u r c e   a r e  similar t o   t h o s e  o f  
( I V - l T ) ,  t h e  d i f f e r e n c e s   b e i n g  t h a t  w e  now r e q u i r e   c o n s e r v a t i o n  
of mass a c r o s s  t h e  d ipo le ,   and  now a l l o w   t h e   p r e s s u r e   t o  be d i s -  

cont inuous  by  -F/A as s k e t c h e d   i n   F i g .  I V - ~ C ,  where F i s  t h e  
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f l u c t u a t i n g   f o r c e   a p p l i e d   t o  the  f l u i d  by the  f l o w   s p o i l e r .  

?!c ( 0 )  - ax ax ( 0 )  = 0 , 

P+(O) - P- (o )  = [-Px a$+ ( 0 1 1  - [-Px 84-  (a)]  = K F ( IV-22 ) 

The s o l u t i o n   t o  t he  s e t   i n  ( I V - 1 7 )  w i t h  t he  a p p r o p r i a t e  
c o n d i t i o n s  for a d i p o l e  i s  

+ 
$I ( x , t )  = - - i F  [ e ikx -e (2L-~) ]  - i w t  

2Apw e J 

6 ( x , t )  = 2Apw i F  [ l + e i k 2 L ]  e-i (kx+wt ) 

The p a r t i c l e   v e l o c i t y  a t  t h e  end of t h e  p i p e  i s  

,ikR e - i w t  
ax 

(IV-23) 

(IV-24) 

The power r a d i a t e d   t o   f r e e   s p a c e  by t h e  h y p o t h e t i c a l   p i s t o n  
i n  t he  f ree  end i s  

W2F2 

*t 4.rrpc3 
- 
" 

T h i s  i s  cons ide red  t h e  m o s t   i m p o r t a n t   r e s u l t   i n  t he  a n a l y s i s .  
It i n d i c a t e s  t h a t  a conf ined   aerodynamic   d ipole  w i l l  r a d i a t e  
s o u n d   p r o p o r t i o n a l   t o  U6 a t  bo th  low  and  high  f requencies   but  w i l l  
have  an  increased  power  output  by a f a c t o r   o f  3 a t  low f r equen ,c i e s .  
The d e t a i l s   o f  t h e  c r o s s o v e r   t o  t h e  high  f requency  case  would re- 
q u i r e  a complicated  mathematical   solut ion  and  would  not   give much 
a d d i t i o n a l   i n f o r m a t i o n   a b o u t  the  e f f e c t .  
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I n  the e x p e r i m e n t a l   s i t u a t i o n ,  w e  can   expec t  the c o n s t a n t  of 
p ropor t iona l i t y   be tween  IT and F2f2 t o  s h i f t  t o  the f reef ie ld  v a l u e  
as the  d i r e c t i v i t y   c h a n g e s   f r o m   s p h e r i c a l   t o  t he  more  complex 
p a t t e r n ,   c h a r a c t e r i s t i c   o f  t he  h igh  f r e q u e n c y   s i t u a t i o n .  

The p r e c e d i n g   d i s c u s s i o n  i s  v a l i d   f o r   s o u r c e s   l o c a t e d   i n  
t h e  p i p e  a d i s t a n c e  on the  o r d e r   o f  a wavelength.  As t h i s  source  
i s  moved o u t   i n t o  t h e  f r ee f i e ld ,  a t r a n s i t i o n   t o  t he  f r e e f i e l d  
case  would  occur  (Fig.  IV-3). We i n d i c a t e  a t r a n s i t i o n   r e g i o n  
n e a r  t he  end  of t h e  p i p e  where the  c o n s t a n t   o f   p r o p o r t i o n a l i t y  
changes  from i t s  v a l u e   i n  t he  p i p e  t o  tha t  i n   f r e e f i e l d .  Note 
t he  d i f f e r e n t   b e h a v i o r   o f  t he  c o n s t a n t   f o r  l i f t  as compared w i t h  
tha t  f o r  drag. I n  t he  p i p e ,  t h e  l i f t  f o r c e s  do  not  radiate .  
I n  some of  our exper iments ,  t h e  f low s p o i l e r s  were l o c a t e d   n e a r  
t he  end   o f   t he  p ipe .  Agreement w i t h  the  e x p e c t e d   t r e n d  was 
found . 
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V .  EXPERIMENTAL  RESULTS  AND  DISCUSSION 

A .  Introduction 

The expe r imen t s   on   t he   sound   r ad ia t ed  by f l o w   s p o i l e r s  were 
b a s l c a l l y   o f   t w o   t y p e s :  

(1) The conf ined   envi ronment   exper iments   for  the  s t r i p   s p o i l e r  
o r   c y l i n d r i c a l   s p o i l e r   w i t h i n  t he  p i p e ,  where sound radia- 
t i o n  i s  due t o   f l u c t u a t i n g   d r a g   f o r c e s .  

( 2 )  The f r e e f i e l d  e x p e r i m e n t s   f o r  t h e  a i r f o i l   i n  a f r ee  J e t  at 
z e r o   a n g l e  of  a t t a c k ,   w h e r e   s o u n d   r a d i a t i o n  i s  due t o  f l u c -  
t u a t i n g  lift f o r c e s  t h a t  exceed t h e  f l u c t u a t i n g   d r a g   f o r c e s .  

For  the  f l o w   s p o i l e r s   c o n f i n e d   w i t h i n  t h e  p ipe ,   t he   s imp le   con-  
s i d e r a t i o n s   o f  Chap. I V  app ly   fo r   f r equenc ie s   be low t h e  c u t o f f  
f requency  of   the  2 '"diameter   pipe  (about  3800 H z ) .  I n  t h e  ex- 
p e r i m e n t a l   s i t u a t i o n ,  t h i s  c r o s s o v e r   t o  a more  complex behav io r  
might  be  seen as t h e   d i r e c t i v i t y   c h a n g e s   f r o m   s p h e r i c a l  a t  low 
f r e q u e n c i e s   t o  a more d i r e c t i v e   p a t t e r n  a t  h i g h   f r e q u e n c i e s .  
F igu re  V-1, which  shows  sound data f o r  a s t r i p   s p o i l e r   l o c a t e d  
6" ups t ream  of  t h e  end   of  t h e  p i p e ,  i s  t y p i c a l   i n  t h i s  r e g a r d .  
Up t o  about 3000 Hz, most  of t h e  sound data i s  w i t h i n  2 dB of  
s p h e r i c a l .  However, t he  f l u c t u a t i n g   f o r c e  data for t h i s  f low 
s p o i l e r  i s  a l s o   l i m i t e d   t o  t h e  r e g i o n  wel l  below 4500 Hz, which 
i s  t h e  f requency   of  t h e  fundamental   bending mode. This e f f e c t  
can   be   s een ,   fo r   example ,   i n   F ig .  V-3, where f l u c t u a t i n g  drag 
f o r c e  data i s  p r e s e n t e d :  The r e s o n a n c e   o f   t h e   s p o i l e r - t r a n s d u c e r  
system  shows up c l e a r l y .  Similar e f f e c t s   f o r  a l l  t h e  f low 
s p o i l e r s   r e s t r i c t   o u r   a t t e n t i o n   t o  t h e  f r equency   r ange   fo r   wh ich  
the  t h e o r e t i c a l   c o n s i d e r a t i o n  of  Chap. I V  a p p l y   f o r   t h e   c o n f i n e d  
f l o w   s p o i l e r s .  
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We w i l l  d i s c u s s  t h e  e x p e r i m e n t a l   r e s u l t s   o f  the conf ined  ex- 
p e r i m e n t s   i n  Sec. B; the  f r ee f i e ld  experiment  w i l l  be d i s c u s s e d  
i n   S e c .  C. 

B .  E x p e r i m e n t a l   R e s u l t s  f o r  F l o w   S p o i l e r s   i n  a 
C o n f i n e d   E n v i r o n m e n t  

1. D a t a   p r e s e n t a t i o n  

We performed a se r i e s  o f   e x p e r i m e n t s   t o   d e t e r m i n e  the co r re -  
l a t i o n   b e t w e e n   s o u n d   r a d i a t i o n   a n d   f l u c t u a t i n g   f o r c e s   f o r  a f low 
s p o i l e r   w i t h i n  a p ipe .  The p o s i t i o n   o f  t h e  f l o w   s p o i l e r  was 
va r i ed   f rom  ze ro  t o  9 p i p e  diameters upstream  of  t h e  p i p e   e x i t  
p lane   and  a c y l l n d r i c a l  as w e l l  as a s t r i p   s p o i l e r  was used.  
T e s t   r e s u l t s  are  summarized  below: 

Test  205* - S t r i p   s p o i l e r  a t  p i p e   e x i t   p l a n e  - 
F i g .  V-9 t o   F i g .  V-13. 

Test 2 0 7  - S t r i p   s p o i l e r  3 p i p e  diameters upstream  of  
t h e  e x i t   p l a n e  - F i g .  V-1 t o   F i g .  V-8. 

Test 209 - S t r i p   s p o i l e r  9 p ipe   d i ame te r s   ups t r eam  o f  
t h e  p i p e   e x i t   p l a n e  - F i g .  V-13 t o   F i g .  V-15. 

Test  2 1 0  - C y l i n d r i c a l   s p o i l e r  9 p ipe   d i ame te r s   ups t r eam 
o f   p i p e   e x i t   p l a n e  - F i g .  V-16 t o   F i g .  V-18. 

The sound data f o r  these e x p e r i m e n t s   a p p e a r   i n   F i g s .  V-9 (Test 

205) ,  V-1 (Tes t  207) ,  V-13 (Test 209) and V-16 (Tes t  210). For  
most  of t h e  t es t s ,  t h e  data below 3000 Hz show o n l y   s l i g h t  
d i r e c t i v i t y   e f f e c t s   e x c e p t   w h e r e  t h e  j e t  no i se   domina te s .  We 

*Test numbers  mentioned i n  t h e  r e p o r t   s e r v e   t o   i d e n t i f y   p a r t i c u -  
l a r  t es t s .  
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can   t hus   u se  the  a s s u m p t i o n   o f   s p h e r i c a l   d i r e c t i v i t y  to c a l c u l a t e  
s o u n d   p o w e r .   F o r   g r e a t e r   a c c u r a c y ,   t h e   a c t u a l   d i r e c t i v i t y   c o u l d  
be  cons idered .  

I f  w e  c o n s i d e r  t he  e x i t   p l a n e   o f  the  j e t - p i p e   e x i s t   t o  be  

the l o c a t i o n   o f  a s p h e r i c a l l y   r a d . i a t i n g   s o u n d   s o u r c e ,   t h e n  we 
can  determine the sound  power 111 from t h a t  sou rce  by 

where p i s  the  sound   p re s su re  a t  a d i s t a n c e  r from the source .  
The sound  power, radiated f r o m   t h e   p i p e   e x i t ,   o f   c o u r s e ,  was 
gene ra t ed  a t  t h e  s p o i l e r   w i t h i n   t h e   p i p e  as a r e s u l t   o f   t h e  
f l u c t u & t i n g   f o r c e s   a c t i n g  on t h e  s p o i l e r .  

Knowing the  f l u c t u a t i n g   f o r c e s  t ha t  a c t  on a s p o i l e r ,  we 
can  determine  from Eq. ( I V - 1 )  the  sound  power 112 tha t  it would 
r a d i a t e   u n d e r   f r e e f i e l d   e n v i r o n m e n t a l   c o n d i t i o n s :  

n,(w> = 
u2F2 - 
“- I T ~ ~ ~ ~  - 2 . 2  x l o - ”  f 2 F 2 [ e r g s / s e c ]  . ( V - 2 )  

12 rpc3   3pc3  

For  

p = 1 . 2 1  dyn  sec2/cm4, 

c = 3.4 . 10’ cm/sec, 
F in   dynes ,   and  
f i n  Hz. 

The a n a l y s i s   p r e s e n t e d   i n  Chap. I V  sugges t ed  an e f f e c t i v e  
i n c r e a s e   i n  the  sound  power  radiat ion  of   an  aerodynamic  dipole  
s o u r c e   i n  a confined  environment:  t h e  power ou tpu t  was p r e d i c t e d  
t o  i n c r e a s e  by a f a c t o r  of 3 at low f r e q u e n c i e s .  
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The  change i n  radiated sound  power i s  e x h i b i t e d  by t h e  power 
ra t  i o  R E l l  /ll 2 .  

T h i s  power r a t i o  c;?n thus   be   de t e rmined   expe r imen ta l ly  by 
independent ly   measur ing  ( a )  the  sound   p re s su re  p a t  a d i s t a n c e  r 
f r o m   t h e   p i p e   e x i t   i n   f r e q u e n c y   b a n d s   a n d  ( b )  the  f l u c t u a t i n g  
f o r c e  F ( l i f t  o r  drag  component, as t h e  c a s e  may b e )  i n  fre- 
quency  bands. 

We w i l l  now d e s c r i b e  a t y p i c a l  t e s t  p rocedure   u s ing  data 
from  one p a r t i c u l a r   t e s t   ( T e s t  207). The s t r i p   s p o i l e r  was 
l o c a t e d  6 i n .   ups t r eam of t h e   j e t - p i p e   e x i t   p l a n e ,   f a c i n g   t h e  
oncoming  pipe  flow w i t h  i t s  broad s ide ( 1 . 2 7  cm). The t e s t  
se t -up   cor responds  t o  t h a t  shown i n   F i g .  111-6. 

I n  this t e s t  w e  t o o k   d a t a   f o r  t he  f o l l o w i n g   p i p e   f l o w  
v e l o c i t i e s :  1 2 . 5 ,  2 1 ,  46  and  74  m/sec.  Figure V-1 shows l / 3 -  
oc tave   band   sound  pressure   l eve l   spec t ra   measured  a t  a=45O and 
a=gOo f o r   v a r i o u s   f l o w   v e l o c i t i e s .   B a c k g r o u n d   n o i s e   l e v e l s   i n  
t h e  chamber f o r  t h e  a i r c r a f t   s u p e r c h a r g e r   r u n n i n g  a t  f u l l   s p e e d ,  
bu t  w i t h  no a i r  f l o w   i n   t h e   j e t - p i p e   s y s t e m ,   a r e   a l s o   p l o t t e d  
i n  t h i s  f i g u r e .  

Fo r   each   f l ow  ve loc i ty ,  t he  s p e c t r a l   l e v e l s   a r e   w i t h i n  3 dB 
up t o  about 3000 Hz f o r   t h e  two  measurement p o s i t i o n s ,   i n d i c a t i n g  
e s s e n t i a l l y   s p h e r i c a l   d i r e c t i v i t y  up t o  t h i s  f requency .  If we 
normal ize  the  s p e c t r a   u s i n g   o n l y  data up t o  t h i s  f requency ,  we 
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a r r i v e  a t  F ig .  V-2. Normal ized   sound  pressure   l eve ls  are p l o t t e d  
v e r s u s   S t r o u h a l   f r e q u e n c i e s ,  S=fD/U, w i t h  t h e   s p o i l e r   w i d t h   o f  
1.27 cm as p e r t i n e n t   l e n g t h   d i m e n s i o n  D. U ,  o f   course ,  i s  t h e  
p ipe   f l ow  ve loc i ty   and  f t he  c e n t e r   f r e q u e n c y   o f   t h e   r e l e v a n t  
1/3-octave  band. 

We have   thus   ob ta ined  a no rma l i zed   sound   p re s su re   l eve l  
s p e c t r u m   u t i l i z i n g   o n l y   " s p h e r i c a l - r a d i a t i o n   p r e s s u r e  data" ove r  
a wide non-dimensional  frequency  range  from S=O.O3 t o  about 5. 

Figure  V-3 shows t h e  drag f o r c e   1 / 3 - o c t a v e   s p e c t r a .   I n  t h i s  

f i g u r e  w e  have   a l ready  summed t h e   o u t p u t   o f   t h e  two drag- force  
t r a n s d u c e r s  to o b t a i n   t h e   t o t a l   d r a g   f o r c e .  The f i r s t  bending 
mode f r e q u e n c y   o f   t h e   j p o i l e r ,  fcr i t=4500 Hz, a p p e a r s   c l e a r l y  
in   each   spec t rum.   Higher  modes g i v e   t h e   s p e c t r a   a n   i r r e g u l a r  
shape  above fcrit.  If we n o r m a l i z e   t h e   s p e c t r a  w i t h  t he   p ipe -  
f low  ve loc i ty   and   p lo t   t hem  aga in   ve r sus   S t rouha l   f r equenc ie s  
(F ig .  V-4), w e  n o t e  t ha t  t h e  f i r s t  bending mode frequency  appears  
a t  a d i f f e ren t   S t rouha l   f r equency ,   o f   cou r se ;   however ,  it i s  now 
v e r y   e a s y   t o   i n f e r   t h e   t r u e   s p e c t r a l   s h a p e  by  o m i t t i n g   t h e  

f c r i t  
spectra   "from  below".  T h i s  p rocedure   a l lows   us   to   de te rmine  
the  s h a p e   o f   t h e   n o r m a l i z e d   d r a g   f o r c e   s p e c t r u m   i n  a S t r o u h a l  
frequency  range  from 0.003 to above 1. 

-bumps and by  fo l lowing  a tangent   curve  t h a t  t o u c h e s   a l l  

F igu re  V-5 p r e s e n t s  t he  f l u c t u a t i n g  l i f t  f o r c e   s p e c t r a   f o r  
v a r t o u s   f l o w   v e l o c i t i e s .  T h e i r  s h a p e   d i f f e r s   g r o s s l y   f r o m  t h a t  
o f   t h e   d r a g - f o r c e   s p e c t r a   i n  tha t  they  have a very  pronounced 
peak  whose  f requency  increases  w i t h  inc reas ing   f l ow  speed .  T h i s  

peak i s  probably  a r e su l t   o f   an   ae rodynamic   p rocess ,   such  as a 
per iodic   vor tex-shedding   f rom the  s p o i l e r ,   w h i c h   r e v e a l s   i t s e l f  
i n   s t r o n g   l i f t - f o r c e   f l u c t u a t i o n s  a t  a p a r t i c u l a r  ( i . e . ,  t h e  
vo r t ex   shedd ing)   f r equency .  The s p o i l e r ' s  f i r s t  bending mode 
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f requency  a t  f=4500 Hz, also a p p e a r s   i n   e a c h   s p e c t r u m .  If w e  
no rma l i ze  t h e  l i f t - f o r c e   s p e c t r a  w i t h  t h e  p i p e - f l o w   v e l o c i t y ,  
a n d   p l o t  the  data a g a i n s t   S t r o u h a l   f r e q u e n c i e s ,   ( F i g .  V-6), 
t h e n  the  s t r o n g   p e a k s   c o l l a p s e  a t  one   d imens ionless   f requency ,  
S=O.2 t o  0 .3 .  T h i s ,  i n c i d e n t a l l y ,  i s  c l o s e   t o  t h e  t y p i c a l  dimen- 
s i o n l e s s   f r e q u e n c y ,   w h i c h   d e s c r i b e s  t h e  vo r t ex - shedd ing   f rom  r ig id  
o b j e c t s ,   s u c h  as c y l i n d e r s   o f  diameter D .  

It i s  i n t e r e s t i n g   t o   n o t e  tha t  t h e  s t r o n g  peaks i n  t h e  

l i f t - f o r c e   s p e c t r a  do  not  show  up i n  t h e  sound   spec t r a .  A s  d i s -  

c u s s e d   i n  Chap. I V ,  w e  r e a l i z e  t ha t  t h e  l i f t - f l u c t u a t i o n s   ( w h i c h  
are ,  o f   c o u r s e ,   o r i e n t e d  a t  r i g h t  a n g l e s   t o  t h e  p i p e - a x i s   w i t h i n  
t he  confined  environment   of  t h e  p i p e )   d o   n o t  rad ia te  a t  f r e -  
quencies   below t h e  c u t o f f   f r e q u e n c y   o f  t h e  p i p e .   C l e a r l y ,   f o r  
t h i s  s i t u a t i o n ,  t h e r e  i s  n o   p o i n t   i n   t r y i n g   t o   c o r r e l a t e   f l u c t u -  
a t i n g   l i f t - f o r c e  data f r o m   i n t e r n a l l y - l o c a t e d   s p o i l e r s  w i t h  

sound data o b s e r v e d   i n  t h e  f r e e f i e l d   o u t s i d e  t h e  p i p e .  T h i s  i s ,  
however ,   no t   necessa r i ly  s o  f o r   e x t e r n a l l y   l o c a t e d   s p o i l e r s .  

I n  a l l  exper iments ,  where t h e  s p o i l e r  was l o c a t e d   i n  t h e  

p i p e ,  we t h e r e f o r e   c o r r e l a t e d  t h e  sound data measured   ou ts ide  
t h e  p i p e  w i t h  the f luc tua t ing -d rag   fo rce   da t a   measu red   on  t h e  

s p o i l e r .  

F i g u r e  V-7 shows t h e  r a n g e s   o f   b o t h   t h e   n o r m a l i z e d  l i f t -  

force   and   drag- force   spec t ra   on  one p l o t   t o   e m p h a s i z e  t h e i r  
d i f f e r e n t   s h a p e s .  T h i s  a b i l i t y  t o  m e a s u r e   s u c h   g r o s s l y   d i f f e r e n t  
s p e c t r a  a t  t h e  drag and a t  t h e  l i f t  t r a n s d u c e r s   i n d i c a t e s  how 
we l l  t h e  d r a g   a n d   t h e  l i f t  t r ansduce r s   were   decoup led ,  as d is -  

c u s s e d   i n  Chap. 11. 

F i g u r e  V-8 p r e s e n t s  3 n o r m a l i z e d   s p e c t r a .  The top   spec t rum 
( A )  shows t h e  n o r m a l i z e d   a c o u s t i c  data i n   i n d i v i d u a l   c u r v e s ,  as 
p r e s e n t e d   i n   F i g .  V-2; t h e  o r d i n a t e   o f  t h i s  spec t rum i s  labeled 
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20 log p/po-60   log  U/U,. The middle   spectrum ( B )  shows t h e  
n o r m a l i z e d   t o t a l   d r a g   f o r c e   s p e c t r u m ,   a g a i n   i n   i n d i v i d u a l   c u r v e s ,  
e q u a l   t o  t h e  p r e s e n t a t i o n   i n   F i g .  V-4; here the  o r d i n a t e  i s  
l a b e l e d  20  l o g  FDrag/F, - 40 l o g  U/U,. The lowest   spectrum ( C )  

i s  t h e  d i f f e rence   be tween  the  top   and  the  middle   spec t ra   and  
g i v e s  t h e  no rma l i zed   "d i f f e rence - spec t rum"   i n  terms of  

where 

p,  = 0.0002  dyne/cm2 , F, = 1 dyne , U, = 1 cm/sec , 

p l o t t e d   a g a i n s t  t h e  nondimens iona l   S t rouhal   f requency ,  f D / U ,  

where D=1 .27  cm=spoi le r  w i d t h .  We have   "subt rac ted"  t h e  co r re -  
spond ing   i nd iv idua l   cu rves   o f  t h e  "force- level   spectrum"  f rom 
t h e  "sound-pressure- level   spectrum. By t h i s  procedure ,  we de- 
c r e a s e  t h e  data s c a t t e r   t h a t  would b e  i n h e r e n t  i f  w e  s u b t r a c t e d  
t h e  s p e c t r a l  ranges, ra ther  t h a n   i n d i v i d u a l   c u r v e s .  We have 
drawn a s t r a i g h t ,  b e s t - f i t  l i n e   t h r o u g h  t h e  data p o i n t s   p r e -  
s e n t e d   i n   s p e c t r u m  C .  T h i s  l i n e   o f   s l o p e  2 c o r r e s p o n d s   t o  a 
c o n s t a n t  power r a t i o  R.  For   our  t e s t  se t -up ,  t he  d i s t a n c e  r 
from t h e  microphone t o  t h e  p i p e   e x i t  was 9 1 . 5  cm. From Eq. V-3 
we t h u s   f i n d  a power r a t i o  

R = 2.95 .  

T h i s  r a t i o  i s  about  a f a c t o r   o f  3 higher  t h a n   C u r l e ' s  f r e e f i e l d  
va lue ,  as p r e d i c t e d   i n  t h e  p r e v i o u s   c h a p t e r .  

Having   ou t l ined  t h e  p r o c e d u r e   t o   d e t e r m i n e  t h e  d i s c u s s e d  
power r a t i o ,  w e  w i l l  now p r e s e n t  the  e x p e r i m e n t a l   r e s u l t s   f o r  
t h e  v a r i o u s   s p o i l e r   t y p e s   a n d   l o c a t i o n s .  



1.1 Strip-spoiler  at  pipe  exit  plane ( T e s t  205) 

Sound p r e s s u r e   l e v e l   s p e c t r a   f o r  t he  s t r i p   s p o i l e r   l o c a t e d  
a t  t h e   p i p e - e x i t   p l a n e  are p r e s e n t e d   i n   F i g .  V-9 f o r   v a r i o u s  
f l o w   v e l o c i t i e s   f r o m  1 2 . 5  t o  95 m/sec. The d i r e c t i v i t y   p a t t e r n  
i s  e s s e n t i a l l y   s p h e r i c a l   i n   t h e   f r e q u e n c y   r a n g e   b e l o w   a p p r o x i -  
m a t e l y  5000 Hz. 

F l u c t u a t i n g   d r a g   f o r c e  data a r e  shown i n   F i g .  V-10. The 
f i r s t  bending mode resonance   of  t he  s p o i l e r  shows up c l e a r l y   i n  
a l l  s p e c t r a .  The l i f t  f o r c e   s p e c t r a   ( w h i c h  we d o   n o t   p r e s e n t )  
w e r e   t y p i c a l l y  1 0  d B  b e l o w   t h e   d r a g   f o r c e   s p e c t r a .  However, i n  
t h e  l i f t  fo rce   spec t rum a t  a St rouhal   f requency   of   about  0 . 3 ,  

there  i s  a peak  which  reaches t h e  d r a g   f o r c e   l e v e l s  a t  t h i s  f re-  
quency. We a s s o c i a t e  t h i s  peak w i t h  some p e r i o d i c   v o r t e x   s h e d -  
d i n g   f r o m   t h e   s p o i l e r .  We mentioned t h i s  phenomenon a l r e a d y   i n  
Sec.  1 of  t h i s  c h a p t e r   f o r   t h e   s t r i p   s p o i l e r  immersed 6 i n .   back  
i n   t h e   p i p e ,   w h e r e   t h e  l i f t  f o r c e   s p e c t r a  showed a similar peak 
a t   a b o u t   t h e  same St rouhal   f requency .   Again ,  t h i s  " l i f t - f o r c e  
peak" d i d  n o t   a p p e a r   i n  t h e  sound   spec t r a ,   a l t hough  t h e  s t r i p -  
s p o i l e r  i s  now l o c a t e d  a t  t h e  e x i t   p l a n e   o f   t h e   p i p e .  T h i s  

could  be  due t o   t h e   f a c t   t h a t  l i f t  a n d   d r a g   f o r c e s   a r e   e q u a l  a t  
t h i s  S t r o u h a l   f r e q u e n c y ;   a n y   d i s c r e t e   f r e q u e n c y  phenomena  would 
b e   b u r i e d   i n   t h e   d o m i n a t i n g   d r a g - f o r c e   r e l a t e d   n o i s e .  

When the  d r a g   f o r c e  data i s  no rma l i zed ,   t hen  the  spectrum 
f o r  U=7O m/sec i s  lower   than  t h e  o t h e r  data, wh ich   co l l apse  
q u i t e   s a t i s f a c t o r i l y .  However, t h e  cor responding   spec t rum i s  
a l s o  low i n   t h e   n o r m a l i z e d   s o u n d   p r e s s u r e  data, p r e s e n t e d   i n  
t h e  summary of  the  t e s t   r e s u l t s   i n   F i g .  V-12.  S u b t r a c t i n g  the  
c o r r e s p o n d i n g   i n d i v i d u a l   c u r v e s   i n  t h e  normalized  sound  and drag 
data keeps t he  s c a t t e r   r e a s o n a b l y  small. A s t r a i g h t   l i n e   o f  
s l o p e  2 th rough t h e  data p o i n t s  shown i n  F ig .  V-12c cor responds  
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t o  a power r a t i o   o f  

R = 2.6 , 

which i s  s l i g h t l y   l o w e r  than t h e  v a l u e  of  R,  p r e d i c t e d  f o r  a deep 
immersion of  t he  s p o i l e r   i n t o  t h e  p ipe .  

1 . 2  S t r i p - s p o i l e r  3 p i p e   d i a m e t e r s   u p s t r e a m  o f  p i p e  

e x i t   p l a n e   ( T e s t  207) 

In   Sec .  1 o f  t h i s  c h a p t e r ,  we used t h i s  t e s t  t o   i l l u s t r a t e  
a t y p i c a l  data p rocess ing   p rocedure .   (F igu re  V-8 shows t h e  sum- 
m a r y  of  t h e  data f o r  Tes t  2 0 7 . )  The data sugges t ed  a power r a t i o  

R = 2 . 9 5  

f o r  t h e  s t r i p - s p o i l e r  3 p i p e  diameters upstream  of  t h e  p i p e   e x i t  
p l a n e .  

1 . 3  S t r i p - s p o i l e r  9 p i p e   d i a m e t e r s   u p s t r e a m  o f  p i p e  

e x i t   p l a n e   ( T e s t  2 9 9 )  

Figure  V - 1 3  d i s p l a y s  t h e  s o u n d   p r e s s u r e   s p e c t r a  for t h e  s t r i p  
s p o i l e r  1 8  in .   ups t ream  of  t h e  p i p e   e x i t   p l a n e .  It appears  t h a t ,  
f o r   t h e   h i g h e r   f l o w   v e l o c i t i e s ,  j e t  no i se   de t e rmines  t h e  d i r e c -  
t i v i t y   p a t t e r n ,   s i n c e  t h e  d i r e c t i v i t y   p e a k  moves towards smaller 
a n g l e s  a. We d i d  n o t   u s e  t h e  h i g h   v e l o c i t y  data for f u r t h e r  
a n a l y s i s .   I n   F i g .  V-14 we p r e s e n t   f l u c t u a t i n g   d r a g   f o r c e   s p e c t r a  
f o r  t w o   f l o w   v e l o c i t i e s .  

The normal ized  summary r e p r e s e n t a t i o n   i n   F i g .  V-15 e x h i b i t s  
some s c a t t e r   b o t h   f o r  t h e  normal ized   sound  pressure   spec t rum ( A )  

a n d   f o r  t h e  normal ized  drag fo rce   spec t rum ( B ) .  I n  t h e  S t r o u h a l  
range  where sound  and  force data can be  compared,  however, t h e  
s c a t t e r   o f  t h e ' d a t a  p o i n t s   p r e s e n t e d   i n   s p e c t r u m  (C) i s  r e l a t i v e l y  
small. 
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A best  f i t  s t r a i g h t   l i n e   t h r o u g h   t h e  data p o i n t s   s u g g e s t s  a 
power ra t  i o  

R = 2 .5  . 
1 . 4  Cy l indr ica l - spo i l er  9 pipe  diameters  upstream o f  

pipe   ex i t   p lane   (Test  2 1 0 )  

T h e   s o u n d   p r e s s u r e   l e v e l   s p e c t r a   f o r   t h e   c y l i n d r i c a l - s p o i l e r ,  
l o c a t e d  1 8  in .   ups t r eam  o f  t h e  p i p e   e x i t   p l a n e ,   a r e  shown i n  
Fig.  V-16. Again we observe  a r e l a t i v e l y   p r o n o u n c e d   d i r e c t i v i t y  
of  t h e  r a d i a t i o n   p a t t e r n   f o r   h i g h   f l o w   v e l o c i t i e s .  

The f l u c t u a t i n g   d r a g   f o r c e   s p e c t r a   a r e  shown i n   F i g .  V-27. 
The c y l i n d e r s  f i r s t  bending mode frequency  (fcrit=450O Hz) 
a p p e a r s   v e r y   p r o n o u n c e d   i n   t h e s e   s p e c t r a .  

Thk l i f t  fo rces   expe r i enced  by  t h e   c y l i n d r i c a l   s p o i l e r   w e r e  
s l i g h t l y   h i g h e r   t h a n   t h e   d r a g   f o r c e s ,   t y p i c a l l y  b y  6 t o  12 dB 

in   t he   f r equency   r ange   be low  the   bend ing  mode f requency .  How- 
e v e r ,  w e  a g a i n   c o r r e l a t e d  the  d r a g   f o r c e s  w i t h  the   sound   da t a .  
The u s u a l  summary r e p r e s e n t a t i o n   o f   t h e   t e s t  data i s  g i v e n   i n  
F ig .  V-18.  The data sugges t  a power r a t i o  

R = 2.35 . 
2 .  Discussion o f  r e s u l t s  

The r e s u l t s   o f   o u r   e x p e r i m e n t s ,  on t h e   c o r r e l a t i o n   b e t w e e n  
f l u c t u a t i n g   d r a g   f o r c e s   a c t i n g  upon a f l o w   s p o i l e r   c o n f i n e d   i n  a 
small d i a m e t e r   p i p e   a n d   t h e   r e s u l t i n g   a c o u s t i c   r a d i a t i o n   t o   t h e  
f r e e f i e l d   s u r r o u n d i n g   t h e   e n d   o f   t h e   p i p e ,   a g r e e  w i t h  t h e  t h e o r y  
d i s c u s s e d   i n  Chap. IV. The e f f e c t   o f   s o u r c e   l o c a t i o n  upon t h e  
power r a d i a t e d  by t h e   s p o i l e r  was e x p e c t e d   t o   f o l l o w   t h e   s k e t c h  
i n   F i g .  IV-3 .  The a c t u a l   e x p e r i m e n t a l   p o i n t s   a r e   i n d i c a t e d   i n  
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this  sketch. We found   qua l i t a t ive   ag reemen t ,   a l t hough   t he   power  
r a t i o   d o e s   n o t   a s y m p t o t e   t o  3 f o r   i n c r e a s i n g   i m m e r s i o n   o f   t h e  
sound   i n to  the p i p e .  T h i s  may be due t o   s c a t t e r   i n  t he  data 
s i n c e   o n l y  2 dB w i l l  g i v e  a 60% i n c r e a s e   i n  power. Also t h e  

u p s t r e a m   a c o u s t i c s   o f  t h e  p ipe ,   wh ich   changes   i n  area by a f a c t o r  
of  3, (Fig.   111-3) ,   could  have some i n f l u e n c e  on t h e  power 
radiated by t h e  s o u r c e   t o  the f r e e f i e l d .  

C .  Exper imenta l   Resul t s   for  a Flow S p o i l e r  i n  F r e e f i e l d  
Environment. 

I n   o r d e r   t o   c h e c k  the  " f r e e f i e l d   p r e d i c t i o n "   o f   t h e   f l u c t u -  
a t i n g - f o r c e / s o u n d   r e l a t i o n s h i p ,  we e x p o s e d   t h e   a i r f o i l   t o  a free- 
je t   f low  emerging   f rom a 1 i n .   d i a m e t e r   c o n v e r g i n g   n o z z l e .  

In   experiments   where t h e  d i r e c t i v i t y   p a t t e r n  showed d i p o l e  
c h a r a c t e r i s t i c s ,  we measured the  sound  pressure  $ at  the  d i -  

r e c t i v i t y   p e a k   a n d   c a l c u l a t e d   t h e   s o u n d  power ll: from 

Equat ion ( V - 4 )  g ives   t he   sound  power r a d i a t e d   f r o m   a n   a c o u s t i c  
d i p o l e   s o u r c e  as a f u n c t i o n   o f  t h e  sound  pressure  a t  the   peak   of  
t h e   f i g u r e - e i g h t   d i r e c t i v i t y   p a t t e r n .  

I n  t h i s  case  t he  power r a t i o  becomes 

The a i r f o i l  was o r i e n t e d  a t  zero-angle  of  i n c i d e n c e  wi th  

r e s p e c t   t o  the  j e t - a x i s .  The a i r f o i l ' s   l e a d i n g   e d g e  was l o c a t e d  
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2.3 cm (a lmost   one   nozz le  diameter) downstream  of %he n o z z l e   e x i t  
p l a n e   ( F i g .  111-5). The a i r f o i l   s t r e t c h e s   a c r o s s  t he  p o t e n t i a l  
c o r e  and the  a n n u l a r  shear l a y e r   s u r r o u n d i n g  t h e  j e t .  

1. F l o w  p r o p e r t i e s   o f   t h e   f r e e   j e t  . 

The v e l o c i t y   p r o f i l e ,  t he  t u r b u l e n c e   p r o f i l e ,   a n d  t h e  t u r -  
b u l e n c e   s p e c t r a  a t  v a r i o u s  r ad ia l  d i s t a n c e s   f r o m  t h e  j e t - a x i s  
were measured  one  nozzle diameter ( e q u a l   t o  1 i n . )  downstream  of 
t he  n o z z l e   e x i t   p l a n e .  

F igu re  V-19 shows bo th  t h e  non-dimensional mean f l o w   v e l o c i t y  
and t h e  t u r b u l e n c e   i n t e n s i t i e s   i n   p e r c e n t   o f  t h e  mean f low  ve loc-  
i t y ,   p l o t t e d   v e r s u s  t h e  r ad ia l  d i s t ance   f rom t h e  j e t  a x i s .  The 

o v e r a l l   t u r b u l e n c e   i n t e n s i t i e s  a t  t h e  l o c a t i o n  o f  maximum shear 
reach almost  9% of  t h e  mean f l o w   v e l o c i t y   i n  t h e  c o r e .   I n   F i g .  
V-20 w e  h a v e   p l o t t e d   t u r b u l e n c e   i n t e n s i t i e s   i n   1 / 3 - o c t a v e   b a n d s  
for some rad ia l  measurement   locat ions.  From these  data we can 
determine t h e  non-dimensional   f requency,  S = f D / U ,  a t  which  maxi- 
mum t u r b u l e n c e   l e v e l s   i n  t h e  shear layer  occur .  If we take D 

e q u a l   t o  t h e  n o z z l e   e x i t  diameter, then  Smax=0.35 t o  0 . 7 .  A t  
t h i s  frequency we should   expec t  maximum t u r b u l e n c e   l e v e l s   o f  
about 2 %  i n  t he  peak  1/3-octave  band. 

2 .  A i r f o i l   i n   " f r e e f i e l d   e n v i r o n m e n t "   ( T e s t  2 0 2 )  

The f l u c t u a t i n g  l i f t  fo rce   spec t r a ,   measu red  on t h e  a i r f o i l  
at zero-angle   o f   f low  a t tack ,  are  p r e s e n t e d   i n   F i g .  V-21.  We do 
n o t   p r e s e n t  the d r a g   f o r c e   s p e c t r a ;   t h e y  had a similar shape, 
bu t  were t y p i c a l l y  1 0  dB below t h e  l i f t  f o r c e  data.  The s i m i l a r i t y  
i n   s p e c t r a l   s h a p e   f o r  t h e  l i f t  and t h e  d r a g   f o r c e  data i s  no t   su r -  
p r i s i n g ,   s i n c e   t h e   t u r b u l e n c e  a t  t h e  j e t  edge i s  r e s p o n s i b l e   f o r  

bo th  t h e  unsteady l i f t  and t h e  d rag   fo rces ;   hence  t h e  e q u a l  
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s p e c t r a l   s h a p e .   F o r   a n   a i r f o i l   i n  a gust,   however,  the  unsteady 
l i f t  is l a r g e r   t h a n  t h e  uns teady   drag .  Due t o  t he  low bending 
frequency  of  t h e  a i r f o i l  of  about 1500 Hz, t h e   f l u c t u a t i n g   f o r c e  
d a t a  i s  v a l i d   o n l y   i n   t h e  low  frequency  range. 

D i r e c t i v i t y   s t u d i e s   o f  t h e  sound radiated from t h e  a i r f o i l  
i n d i c a t e d  tha t  an  energy maximum occurred  a t  an   ang le  of about  
90" t o  t h e  j e t  a x i s  - t h e   d i r e c t i o n  of t h e  f l u c t u a t i n g  l i f t .  The 

f l u c t u a t i n g  l i f t  f o r c e   d a t a  were u s e d   f o r   c o r r e l a t i o n  w i t h  t h e  sound 
p res su re   l eve l s   measu red  a t  t h e  90O-point  on  our  microphone  trace,  

F igu re  V-22 shows t h e  sound   p re s su re   l eve l   spec t r a   meadured  
a t  a=90°; b u t   i n  t h i s  f i g u r e  we have   a l so   i nco rpora t ed  t h e  undis-  
t u r b e d   f r e e - j e t  data  t o   i n d i c a t e  where a i r f o i l - g e n e r a t e d   n o i s e  
dominates   the  spectrum. A s  one   expec ts ,  t h e  j e t - n o i s e   i n c r e a s e s  
more r a p i d l y   ( i . e . ,   t y p i c a l l y  w i t h  t h e  e ighth-power   o f   ve loc i ty)  
t h a n  the  a i r f o i l - g e n e r a t e d   n o i s e   ( w h i c h   i n c r e a s e s  w i t h  a s i x t h -  
power  of   veloci ty   dependence) .  A t  t h e  h igh  j e t  e x i t - v e l o c i t i e s ,  
which are c l o s e   t o   s o n i c ,  most of  t h e  spectrum i s  due t o   t h e   p u r e  
j e t  n o i s e .  A t  the   f requency  where t h e  two s p e c t r a  d i f f e r  by 3 d B ,  

w e  lowered   the   upper   spec t rum  to  l e t  i t  i n t e r s e c t  w i t h  the   lower  
spectrum to i n f e r   t h e   t r u e   s p e c t r a l   s h a p e   o f  t h e  a i r f o i l - g e n e r a t e d  
n o i s e .  Due to   t he   background   no i se   o f  t h e  f r e e - j e t   a l o n e ,  good 
a c o u s t i c  data  f o r  t h e  sound  rad ia ted  b y  t h e   f l u c t u a t i n g  l i f t  was 
o b t a i n e d   o n l y   f o r   h i g h   f r e q u e n c i e s .  

I n   F i g .  V-23 we p r e s e n t  t h e  summary r e p r e s e n t a t i o n ,  i . e . ,  t h e  

no rma l i zed   sound   p re s su re   l eve l   spec t rum ( A ) ,  t h e  normalized l i f t  
fo rce   spec t rum ( B ) ,  and t h e  d i f f e r e n c e   s p e c t r u m  ( C ) .  Due t o  t he  
very  low  bending mode frequency  of t h e  a i r f o i l ,  t h e  range  of   over-  
lap  of   normalized  sound  and l i f t  f o r c e  data i s  extremely  narrow.  
Only i n  t h e  S t rouha l   f r equency   r ange   o f  0 . 2  t o  0 . 3  i s  d i r e c t  com- 
p a r i s o n   p o s s i b l e .  We have  drawn a s t r a i g h t   l i n e   o f   s l o p e  2 th rough 
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the d a t a   p o i n t s   t o   i n f e r  the  power r a t i o   f o r   t h i s  t e s t .  I n   d e t e r -  
mining R, we have  used Eq .  (V-4) t o   c a l c u l a t e   t h e   s o u n d  power radi- 
ated from the  a i r f o i l   u n d e r  i t s  f r e e f i e l d  c o n d i t i o n s .  The data 
p o i n t s ,   p r e s e n t e d   i n   F i g .  V-23, s u g g e s t  a power r a t i o  of on ly  

R = 0.138 . 
T h i s  data p o i n t  i s  a l s o  shown i n   t h e   s k e t c h   p r e s e n t e d   i n   F i g .  IV-3. 
The power r a t i o  seems t o   b e   r a t h e r  low - a l t h o u g h   o n e   c e r t a i n l y  
should   expec t  a d e c r e a s e  when the  r a t i o  i s  compared t o  the  f r e e -  
f i e l d   v a l u e   f o r  t h e  s p o i l e r   l o c a t i o n   i n  the  t r a n s i t i o n   r e g i o n .  We 
p r e s e n t l y   h a v e  no e x p l a n a t i o n   f o r   s u c h  a d r a s t i c   d e c r e a s e   i n  the  
power r a t i o .  

D. E x p e r i m e n t s  of S u p p l e m e n t a r y   N a t u r e  

1. I n f l u e n c e  o f  u p s t r e a m   t u r b u l e n c e  

Ful ly   deve loped   p ipe   f low i s  known t o   h a v e   t y p i c a l   o v e r a l l  
t u r b u l e n c e   i n t e n s i t i e s   o f  4 t o  6 %  o f   t h e  mean f low.  To s t u d y   t h e  
i n f l u e n c e  that  t u r b u l e n c e   i n  the  oncoming  flow  (which  impinges  on 
t h e   f l o w   s p o i l e r )  has on t h e   f l u c t u a t i n g   f o r c e s   a n d  on t h e   r e s u l t -  
i n g   n o i s e   g e n e r a t i o n ,  we a t t empted   t o   change   t he   p ipe   f l ow  tu rbu -  
l e n c e .  

We t r i e d   i n s e r t i o n   o f  ( a )  c o a r s e   g r i d s ,   c o n s i s t i n g   o f  two 
c r i s s c r o s s   l a y e r s   o f   1 1 8 - i ~   o r   1 / 4 - i n .   t u b i n g ,   a n d  ( b )  v e r y   f i n e  
s i l k  sc reens ,   suppor t ed  by  a mesh w i r e   s c r e e n .  The i n s e r t i o n   o f  
t h e   c o a r s e   g r i d s   i n c r e a s e d   t h e   t u r b u l e n c e   l e v e l s   o n l y   v e r y  
s l i g h t l y   a b o v e  the  l e v e l s   o f   f u l l y   d e v e l o p e d   p i p e   f l o w .  And, i n  
a d d i t i o n ,   t h e   g r i d s   t h e m s e l v e s   a c t  as f l o w   s p o i l e r s  t ha t  e f f L  
c i e n t l y   g e n e r a t e d   s o u n d .   I n s e r t i o n   o f   t h e   a c t u a l   f l o w   s p o i l e r s  
( e . g . ,   t h e   s t r i p - s p o i l e r )  a t  some small downst ream  d is tance  from 
the  g r i d s  d i d  n o t   i n c r e a s e   t h e   n o i s e   l e v e l s   o b s e r v e d   o u t s i d e  t he  
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tube ,  s o  it was i m p o s s i b l e   t o   o b t a i n   u s e f u l  data. I n s e r t i o n  of  
the  f i n e  s i l k  screens  however,   reduced the t u r b u l e n c e   l e v e l s  
q u i t e   m a r k e d l y   w i t h o u t   g e n e r a t i n g   a d d i t i o n a l   n o i s e   i n  the  f re-  
quency  range o f  i n t e r e s t .  The i n s e r t i o n   o f  the  s t r i p - s p o i l e r  
s u b s t a n t i a l l y   i n c r e a s e d  t h e  n o i s e   r a d i a t i o n   f r o m  the  system, 
t h u s   a l l o w i n g   c o r r e l a t i o n  of  t h e  s p o i l e r - g e n e r a t e d   n o i s e  w i t h  
f l u c t u a t i n g   f o r c e s .  

I n   F i g .  V-24 w e  p r e s e n t  t he  o v e r a l l   t u r b u l e n c e   p r o f i l e s ,  
measured ( a )  6 i n .   ups t r eam of t h e  p i p e   e x i t   f o r   f u l l y   d e v e l o p e d  
p ipe   t u rbu lence   and  ( b )  a t  t h e  same l o c a t i o n ,   b u t  w i t h  t h e  s i l k  

s c r e e n  2 in .   ups t ream.  The t u r b u l e n c e   i n t e n s i t i e s  i n  t h e  c e n t e r  
r eg ion   o f  t h e  p i p e  are  approximately 5% f o r   f u l l y - d e v e l o p e d   p i p e  
f low  and  approximately 1 / 2 %  w i t h  t h e  s i l k  s c r e e n   i n s e r t .   T u r b u -  
l ence   spec t r a   a l so   measu red   were   o f   b road   band   cha rac t e r .  

I n   F i g .  V-25 w e  show t h e  summary r e p r e s e n t a t i o n   o f  t h e  t e s t  
data f o r  the  s t r i p  s p o i l e r   l o c a t e d  2 i n .  downstream  of t h e  s i l k  

s c r e e n   i n s e r t s   a n d  9 in .   ups t ream of t h e  p i p e   e x i t   p l a n e  (Tes t  
188) .   Normalized  sound  pressure data  can  only b e  p r e s e n t e d   i n  
a small S t r o u h a l   f r e q u e n c y   r a n g e ,   s i n c e   d i r e c t i v i t y   e f f e c t s  d i d  

n o t   a l l o w  t h e  de t e rmina t ion   o f  t h e  t r u e  shape of   the   spec t rum 
above a S t rouha l   f r equency   o f  0 . 5 .  The re fo re  we c o u l d   e v a l u a t e  
t he  power r a t i o   o n l y   f o r  a ra ther  l i m i t e d  frequency  range.  R 

was found t o  b e  2 . 9 .  

Data from Test 188  can be compared w i t h  t h o s e  t e s t  data f o r  
which t h e  s t r i p   s p o i l e r  was l o c a t e d   s l i g h t l y   f u r t h e r  ( 6  i n . )  
downstream,  but  exposed t o   f u l l y   t u r b u l e n t  p i p e  flow. ( T e s t  207) 
Data are  shown i n   F i g .  V-8. 

A comparison of t h e  two tes t s  i n d i c a t e s  t ha t  the  r e d u c t i o n  
i n   t u r b u l e n c e   l e v e l   i n  t h e  oncoming  flow  lowers t he  drag f o r c e s  
tha t  a f l o w   s p o i l e r   e x p e r i e n c e s   f o r  a g iven   f low speed. T h i s  



d e c r e a s e   i n   d r a g   f o r c e  i s  accompanied  by a d e c r e a s e   i n   s o u n d  
g e n e r a t i o n .  This  d o u b l e   r e d u c t i o n   f i n a l l y  leads t o  the  same 
power r a t i o  as was observed f o r  the  s t r i p   s p o i l e r   i n   f u l l y  de- 
ve loped   t u rbu len t   p ipe  flow. 

2 .  Rela t ionsh ip  o f  s t e a d y - s t a t e   d r a g   f o r c e  and 
o v e r a l l   f l u c t u a t i n g   d r a g   f o r c e  

One o f  the  key  assumptions o f  t h e   e a r l i e r   s t u d y   [ R e f .  21  
had b e e n   t h e   d i r e c t   p r o p o r t i o n a l i t y   o f   t h e   o v e r a l l   f l u c t u a t i n g  
fo rces   and  t h e  s t e a d y - s t a t e   d r a g   f o r c e   e x p e r i e n c e d  b y  a f low 
s p o i l e r   i n  a p i p e .   S i n c e  w e  w e r e   a b l e   t o   m e a s u r e   f l u c t u a t i n g  
f o r c e s  on e a c h   f l o w   s p o i l e r   d i r e c t l y ,  we c h e c k e d   t h e   r e l a t i o n -  
s h i p   b e t w e e n   s t e a d y - s t a t e   a n d   f l u c t u a t i n g   f o r c e s .  

Using t h e  da ta   f rom Test 2 0 7 ,  where the  s t r i p - s p o i l e r  was 
immersed i n t o   t h e   p i p e  6 i n .   u p s t r e a m   f r o m   t h e   p i p e   e x i t ,  w e  
c a l c u l a t e d   t h e   s t e a d y - s t a t e   d r a g   f o r c e  FDrag f o r  a number  of 
s t a t i c   p r e s s u r e   d r o p s   a c r o s s   t h e   s p o i l e r   a n d   c o m p a r e d  i t  w i t h  - 
t h e   o v e r a l l   f l u c t u a t i n g   d r a g   f o r c e  FDrag a t  t h e  same s t a t i c  
p re s su re   d rop .  The r a t i o   o f   t h e   f l u c t u a t i n g   o v e r a l l   a n d   t h e  
s t eady- s t a t e   d rag   fo rce   (F /F )Drag  i s  p l o t t e d   v e r s u s   t h e   s t a t i c  
p r e s s u r e   d r o p   i n   F i g .  V-26. The r a t i o  was i n d e e d   f o u n d   t o  be 

cons t an t   and   approx ima te ly   equa l   t o  2 . 3  x 

-” 
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VI. SUMMARY A N D  CONCLUSIONS 

Within t h e  p r e s e n t   s t u d y ,  we examined   t he   r e l a t ionsh ip   o f  the  

f l u c t u a t i n g   f o r c e s  on r i g i d   f l o w   s p o i l e r s   o f   v a r i o u s   c r o s s -  
s e c t i o n a l   a r e a s   w i t h i n   a n   a c o u s t i c a l l y   h a r d - w a l l e d   p i p e   t o   t h e  
sound  t ransmi t ted   ou t   o f  the p i p e   i n t o   t h e   f r e e f i e l d .  The r e s u l t  
of the s tudy  i s  that  p ipe- immersed   f low  spoi le rs  radiate  sound  due 
t o  the  d r a g  component  of the f l u c t u a t i n g   f o r c e s   a c t i n g  on the  

s p o i l e r .  Due t o  a c a n c e l l a t i o n   e f f e c t   f r o m   t h e   n e a r b y   p i p e  walls, 
f l u c t u a t i n g  l i f t  f o r c e s  d o   n o t   c o n t r i b u t e   t o   t h e   s o u n d   r a d i a t i o n  
from  pipe- immersed  spoi lers .  

It was shown on a t h e o r e t i c a l   b a s i s  t ha t  t h e   e f f i c i e n c y   o f  
the   sound  power   rad ia t ion   f rom  d ipole-sources   wi th in  a hard-walled 
p ipe   ( "conf ined   env i ronmen t" )   i nc reases  by a f requency-squared-  
term  which  changes  the sound-power/flow-velocity dependence t o  
t h a t  of a quadrupole   dependence ,   i . e . ,   to   an   e ighth-power  law de- 
pendence.  However, t h e  e f f e c t   o f   e n d   r e f l e c t i o n   i n t r o d u c e s   a n  
inverse- f requency   squared   te rm tha t  r e s t o r e s   t h e   o r i g i n a l   s i x t h -  
power  of ve loc i ty   dependence  of t h e   d i p o l e   s o u r c e  power r a d i a t i o n .  

I n   a d d i t i o n  - and th i s  i s  pe rhaps   t he   mos t   impor t an t   r e su l t  
o f   t he   s tudy  - a n e t   i n c r e a s e  of  t h e   r a d i a t e d   s o u n d  power  from d i -  

po le   sou rces   w i th in  a confined  environment  by  a f a c t o r   o f  3 was 
predic ted   and  was o b s e r v e d   i n  the  exper iments .  

I n   d e v e l o p i n g   t h e   t h e o r y   f o r   d i p o l e   s o u r c e s   i n  a confined  en-  
vironment ,  we ex tended   Cur l e ' s   we l l -known  f r ee f i e ld   exp res s ions   t o  
take   account   o f  the  e f f e c t  ( a )  o f   t he   con f inemen t ,   r ep resen ted  by  
the   hard-wal led   p ipe ,   and  ( b )  o f   p i p e   e n d   r e f l e c t i o n .  

For the  experiment we developed a sys t em  o f   fo rce   t r ansduce r s  
tha t  a l lowed  independent   measurement   of   the   drag  and l i f t  component 
o f   t h e   f l u c t u a t i n g   f p r c e s  on t h e   f l o w   s p o i l e r s .  The expe r imen ta l  
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r e s t r i c t i o n s ,  imposed by t h e  f i r s t  bending mode f requency   of  the  

f low  ' spoi lers ,   were  overcome by  no rma l i z ing   bo th  t he  force   and  
the  sound data w i t h  a t y p i c a l   f l o w   v e l o c i t y .   T h u s ,  the  p o s s i b l e  
r a n g e   o f   c o r r e l a t i o n   o f   f o r c e   a n d   s o u n d   d a t a   c o u l d   e f f e c t i v e l y  be  
ex tended .  

I n  one  experiment we s t u d i e d  a f l o w   s p o i l e r   u n d e r   s i m u l a t e d  
f r ee f i e ld  c o n d i t i o n s   t o   c h e c k   C u r l e ' s   f r e e f i e l d   e x p r e s s i o n s   a n d  
found that  the   obse rved   sound   power   r ad ia t ion   f rom  f luc tua t ing  
l i f t  f o r c e s  on t h i s  s p o i l e r  was l o w e r   t h a n   p r e d i c t e d  by Cur l e .  
T h i s  d e c r e a s e   i n   s o u n d  power was a s c r i b e d   t o  t he  i n f l u e n c e   o f   t h e  
n e a r b y   p i p e   e x i t ,   s i n c e   t h e   s p o i l e r  was, i n   f a c t ,   l o c a t e d   i n  a 
t r a n s i t i o n   r e g i o n   b e t w e e n   t h e   c o n f i n e d   e n v i r o n m e n t   o f  the  p ipe   and  
t h e   t r u e   f r e e f i e l d .  The r e s u l t   t h u s   a g r e e d   q u a l i t a t i v e l y   w i t h   t h e  
p r e d i c t i o n s   d e v e l o p e d   i n   t h e   p r e s e n t   s t u d y .  

Supplementary   exper iments   se rved   to   round  of f   our   unders tand-  
i n g   o f   t h e  phenomena a s s o c i a t e d  w i t h  p ipe- immersed   f low  spoi le rs .  
We found tha t  changes i n  t he  degree   o f   imp ing ing   f l ow  tu rbu lence  
d i r e c t l y   c h a n g e d  the  e x p e r i e n c e d   f l u c t u a t i n g   f o r c e s .  However, 
c h a n g e s   i n  t he  degree   o f   tu rbulence   o f  t h e  oncoming  flow d i d  n o t  
a f f e c t   t h e   f o r c e / s o u n d   r e l a t i o n s h i p .  

We also s u b s t a n t i a t e d   t h e   d i r e c t   p r o p o r t i o n a l i t y   o f  t h e  over- 
a l l  f l u c t u a t i n g   d r a g   f o r c e   a n d   t h e  steady-state d r a g   f o r c e .  T h i s  
p r o p o r t i o n a l i t y  was a key a s s u m p t i o n   i n   t h e  ea r l i e r  s tudy   de-  
s c r i b e d   i n   R e f .  2 .  
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A P P E N D I X  A:  T H E   I N F L U E N C E  OF P I P E   E N C L O S U R E  - AN E X P E R I M E N T  

I n  ear l ie r  s e c t i o n s   o f  th i s  r e p o r t  w e  d i s c u s s e d  t h e  i n f l u -  
ence   o f   enc los ing   aerodynamic   sources   wi th in  the  conf ines   o f  t h e  
j e t  p i p e .  Two i n f l u e n c e s  were i d e n t i f i e d :  t h e  i n f l u e n c e  of t h e  
hard wall environment on the   i n t ens i ty   and   f r equency   dependence  
o f  t h e  source;   and t h e  f r e q u e n c y   d e p e n d e n t   t r a n s m i s s i b i l i t y  of 
t he  e x i s t   p l a n e  t h a t  limits t h e  e x t e n t  of n o i s e   r a d i a t i o n   f r o m  
t h e  i n t e r i o r   p i p e   e n v i r o n m e n t   t o  t h e  e x t e r i o r   e n v i r o n m e n t .  We 
p o s t u l a t e d  t h a t ,  as fa r  as the   f r equency   dependen t   i n f luences  
are concerned, t he  e f f e c t s   o f   e n c l o s u r e   a n d   e n d   r e f l e c t i o n   a r e  
v e r y   n e a r l y   s e l f - c a n c e l i n g .  

Here, we p resen t   and   d i scuss  t h e  r e s u l t s  o f  an  experiment 
i n  which, on a s i m p l e   a c o u s t i c  basis,  w e  t r i e d  t o   o b t a i n  Some 
v e r i f i c a t i o n  o f   o u r   t h e o r e t i c a l   f i n d i n g s .  The  experiment  con- 
s i s ted  of  t h e  f o l l o w i n g   s t e p s :  

a. We c a r e f u l l y   m e a s u r e d   t h e  power r a d i a t i o n   f r o m  a h igh  i m -  
pedance  acoustic  monopole,   having a c h a r a c t e r i s t i c   d i a m e t e r  
of  about 1/4" a n d   l o c a t e d   i n  a f r e e f i e l d   e n v i r o n m e n t ,  as a 
func t ion   o f   f r equency .  

b. We t h e n   l o c a t e d  t h i s  s o u r c e   i n   a n   ( e f f e c t i v e l y )   i n f i n i t e l y  
l o n g   p i p e ,   h a v i n g   a n   i n t e r n a l   d i a m e t e r   o f  4", and  measured 
t h e  t o t a l  power d e l i v e r e d   t o   t h e   p i p e .  

c .  The p ipe  was t r u n c a t e d   a n d   t h e  power t r a n s m i t t e d   t h r o u g h   t h e  
e x i t   p l a n e   o f  t h e  p i p e   i n t o  a f r e e f i e l d   e n v i r o n m e n t  was de- 

te rmined .  

I n  t h e  l a t t e r   p a r t   o f  t h e  expe r imen t ,   two   d i f f e ren t   l oca t ions  of 
t he  s o u r c e   r e l a t i v e   t o  t h e  e x i t   p l a n e  were u s e d .   I n   o n e   c a s e ,  
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t h e   s o u r c e  was deep ly  immersed i n  t h e  p i p e ;   i n   t h e   o t h e r   c a s e ,  
i t  w'as on ly   sha l lowly  immersed. 

A .  The Source 

Since  i t  was desirable  tha t  t h e  a c o u s t i c   s o u r c e  b e  phys i -  
c a l l y  small, t h e  expe r imen ta t ion  was l i m i t e d   t o  t h e  s imple  mono- 
po le   sou rce .  

The sou rce  was c o n s t r u c t e d  by d r i v i n g  t he  a i r  column i n  a 
1 /4"-d iameter   ho l low  p ipe  w i t h  a h o r n   d r i v i n g   u n i t .  So that- 
v a r i a t i o n s   o f   t h e   e x t e r n a l   a c o u s t i c   l o a d  would   no t   in f luence   the  
volume v e l o c i t y  at t h e  e x i t  o f  t h e  s o u r c e   t u b e ,   t h e   s o u r c e   h a d  
t o  have a r e l a t i v e l y  h igh  in t e rna l   impedance .  

With t h i s  i n  mind, we s e l e c t e d  two s o u r c e   d e s i g n   c o n f i g u r a -  
t i o n s   ( F i g .  A - 1 ) .  Both   sources   were   d r iven  w i t h  a JBL-375 horn 
speake r .  

I n   t h e  first c o n f i g u r a t i o n   ( S o u r c e  #1), t o   c o n t r o l   s t a n d i n g  
waves i n  t h e  48" t u b e   a n d   a l s o   t o   p r o v i d e   s u f f i c i e n t l y   h i g h   s o u r c e  
i m p e d a n c e ,   s t r a n d s   - o f   y a r n   w e r e   i n s e r t e d   i n t o   t h e   e x i t   p l a n e  of 
t h e  t u b e   a s  shown. 

I n   t h e   s e c o n d   c o n f i g u r a t i o n   ( S o u r c e  #2), t h e  l e n g t h  o f  t u b e  
was only 12". Tube t e r m i n a t i o n   i n  t h i s  case   cons i s t ed   s imply   o f  
a 1 /16"- th ick   p lug   of   porous  metal. 

The f r e e f i e l d   o u t p u t   o f   t h e s e   s o u r c e s   f o r   i d e n t i c a l   e l e c t r i -  
c a l   i n p u t s   o f   t h i r d - o c t a v e  bands o f  n o i s e  i s  i l l u s t r a t e d   i n  
F ig .  A-2. The  h igh  wall v i s c o u s   l o s s e s  of Source #1 have a ve ry  
s i g n i f i c a n t   i n f l u e n c e  on the   h igh   f r equency   pe r fo rmance  o f  t h i s  
sou rce .  
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B. Measurement  System 

Figure  A-3 shows a schematic   of  t h e  measurement.  system. To 
p rov ide  a g o o d   s i g n a l - t o - n o i s e   r a t i o   i n  these measurements, t h e  
s o u r c e   d r i v e r  was s u p p l i e d  w i t h  t h i r d  oc tave   bands   o f   no i se .  
T h i r d  o c t a v e   b a n d   f i l t e r i n g  was a l s o   u s e d   i n  the acous t ic   measure-  
ment  system. The i n p u t   c u r r e n t   t o  t h e  d r i v e r  was k e p t   c o n s t a n t  
f o r   e a c h  t h i r d  oc t ave   band ,   fo r   each   sou rce   conf igu ra t ion ,   and  
fo r   each   expe r imen ta l   s e t -up .  

The frequency  range  of  measurement was 200 t o  8000 Hz. 

C .  Freef ie ld   Environment  

The f r e e f i e l d  source  data o f   F ig .  A-2 were  obtained w i t h  t h e  

sou rce   l oca t ed   i n   an   anecho ic   chamber .  For both   source   conf igura-  
t i ons ,   ove r   t he   en t i r e   measu remen t   f r equency   r ange ,  t h e  d i r e c -  
t i v i t y  was c l o s e l y   s p h e r i c a l .   T h u s ,  t h e  computat ion  of   source 
power  involved  two or t h r e e  measurement   locat ions  and a s imple  

area c o r r e c t i o n   f a c t o r .  

D .  Enclosure i n  I n f i n i t e   P i p e  

For t h i s  experiment ,  t h e  1/4" diameter s o u r c e   p e n e t r a t e d  
t h e  wall o f  a t h i c k   w a l l e d ,  4" diameter s t e e l  p i p e .  The p i p e  

was 1 6 '  long  and t h e  source  was l o c a t e d  midway between t h e  ends .  
Both  ends  of t h e  p i p e  were t e rmina ted  w i t h  f i b e r g l a s s  "wedges" 

so t h a t ,  as viewed b y  t h e  sou rce ,  t h e  e n c l o s i n g  p i p e  seemed i n -  
f i n i t e l y   l o n g .  The e f f e c t i v e n e s s   o f  t h e  end   t rea tments  was 
checked by microphone  probe  and  found t o  b e  s a t i s f a c t o r y   o v e r  
the  e n t i r e  measurement  frequency  range. 
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The a c o u s t i c   p o w e r   d e l i v e r e d   t o  t h e  p i p e  was measured  by 
sampling the  sound  pressure  f i e l d  i n  t he  p i p e  some 3 f t  from 
t h e   s o u r c e   f o r  a number  of d i f f e r e n t  radial  p o s i t i o n s   o f   t h e  
source  and  microphone. Power was c a l c u l a t e d   u s i n g  the average  
measured   sound  pressure   l eve l  a t  each  t h i r d  o c t a v e   b a n d   s e t t i n g  
and  assuming  plane wave p ropaga t ion  a t  a l l  f r e q u e n c i e s .  We 
f u r t h e r   a s s u m e d   e q u a l   d i v i s i o n  of  power  between t h e  two  propaga- 
t i o n   p a t h s   a v a i l a b l e   t o  t h e  source .  The r e s u l t  o f  t h i s  c a l c u l a -  
t i o n  i s  denoted t h e  p o w e r   d e l i v e r e d   t o  t h e  p i p e  (PWL ) .  

P 
I n   F i g .  A-4 we p r e s e n t  t h e  d i f f e rence   be tween  the  power 

d e l i v e r e d   t o  t h e  i n f i n i t e   p i p e  (PWL ) and t h e  f r e e f i e l d  power 
(PWLf) as g i v e n   i n   F i g .  A-2. Data are p r e s e n t e d   f o r   e a c h   o f  
the  s o u r c e   c o n f i g u r a t i o n s .  

P 

E .  E f f e c t   o f  Pipe Truncat ion 

I n  t h e  f i n a l   e x p e r i m e n t ,  we removed t h e  a c o u s t i c   t e r m i n a t i o n  
a t  one  end  of t h e  4" diameter p i p e   a n d   i n s e r t e d  t h i s  e n d   i n t o  
t h e  anechoic  chamber. The r a d i a t i o n   f i e l d   f r o m  the  u n t r e a t e d  
end o f  t h e  p i p e  was then  scanned  and estimates made of t h e  sound 
power rad ia ted  through i t .  For  t h e  pr imary   exper iment ,  t h e  d i s -  

tance  between t h e  source  and t h e  end  plane was 8 f t  (about  25 

p i p e  diameters).  To check t h e  p o s s i b l e   i n f l u e n c e  o f  sha l low 
source  immersion  within t h e  p i p e ,  t h e  source  was l a t e r  moved t o  
a p o s i t i o n  12 in .   f rom t h e  u n t r e a t e d   e n d   ( c o r r e s p o n d i n g   t o  i m -  
mersion o f  only 3 p i p e  diameters).  

I n   s c a n n i n g  t h e  a c o u s t i c   r a d i a t i o n   f r o m  t h e  u n t r e a t e d   p i p e  
end, we found t h a t  even a t  h i g h   f r e q u e n c i e s  t h e  d i r e c t i v i t y  
f u n c t i o n  was f a i r l y  smooth.   Sound  pressure  levels  were gen- 
e ra l ly   measu red  a t  f o u r  or f i v e   d i f f e r e n t   a n g l e s   a n d   a p p r o p r i a t e  
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areas t a k e n   i n t o   a c c o u n t   i n   c a l c u l a t i n g  the  t o t a l   r a d i a t e d  
power. 

Data r e l a t i n g   t o  t h i s  experiment  are g i v e n   i n   F i g .  A-5 ,  
showing the  d i f f e rence   be tween  the  power r a d i a t e d   f r o m  the  t r u n -  
c a t e d   p i p e  (PWLt) and t h e  ppwer f o r   t h e  f r e e f i e l d  s o u r c e  (PWLf). 
Data are shown f o r   b o t h   s o u r c e   c o n f i g u r a t i o n s   d e e p l y   i m m e r s e d  
i n   t h e   p i p e   a n d   f o r   t h e   s h o r t   t u b e   c o n f i g u r a t i o n   ( S o u r c e  # 2 )  

shallowly  immersed. 

F .  Discussion o f  Resul t s  

Those   da t a   po in t s  shown c i r c l e d   i n   F i g .  A-4 a r e   b e l i e v e d   t o  
be t h e   r e s u l t   o f  t he  in f luence   o f   s t rong   c ros s -modes  upon t h e  

volume ve loc i ty   o f   t he   l ong   t ube   monopo le   sou rce  (#1 i n   F i g .  A-1). 
If t h e s e   p o i n t s   a r e   n e g l e c t e d ,   t h e   i n f l u e n c e   o f   s o u r c e   e n c l o s u r e  
can  be  summarized by  t h e   d o t t e d   l i n e   g i v e n   i n   F i g .  A-4. T h i s  
cor responds   to   an   inverse   f requency-squared   dependence   be low 
about  1 6 0 0  Hz a s y m p t o t i n g   t o  a f r equency   i ndependen t   d i f f e rence  
of   about  6 d B  a t  h i g h e r   f r e q u e n c i e s .  The l a t t e r  e f f e c t   p e r h a p s  
d e r i v e s   f r o m   t h e   f a c t   t h a t  we have  assumed  plane wave p ropaga t ion  
i n   c a l c u l a t i n g   t h e   p i p e - t r a n s m i t t e d   s o u r c e   p o w e r .  A t  f r e q u e n c i e s  
above  the  cross-mode  onset   f requency  (about  1 6 0 0  Hz f o r  t h e  4 i n .  
d i a m e t e r   p i p e ) ,   t h e   s o u n d   f i e l d  w i l l ,  i n   f a c t ,   t e n d   t o  b e   d i f f u s e  
a n d   t h u s   c a u s e   t h e   i n f l u e n c e   o f   e n c l o s u r e   t o  be  ove res t ima ted  by  
some 3 t o  6 dB.  

The data shown i n   F i g .  A-4 a r e   i n   g e n e r a l   a g r e e m e n t  w i t h  
t h e o r e t i c a l   p r e d i c t i o n s :  t h a t  the   immers ion   of  a monopole  acous- 
t i c   s o u r c e   i n   a n   i n f i n i t e l y   l o n g   p i p e   m o d i f i e s  t h e  f r e e f i e l d  
power   o f   the   source  by a n   i n v e r s e   f r e q u e n c y - s q u a r e d   t e r m   f o r  
f requencies   be low the  cross-mode  onset  frequency  and tha t  the  
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s o u r c e   r e v e r t s   t o  i t s  f r e e f i e l d  b e h a v i o r   f o r   f r e q u e n c i e s   a b o v e  
t h i s  f requency .  

The h igh   f requency  data s c a t t e r   i n   F i g .  A-5 c a n   a l s o  b e  ac-  
c o u n t e d   f o r   i n   t e r m s   o f   c r o s s - m o d e   i n t e r a c t i o n  w i t h  t he  volume 
v e l o c i t y   o f  t h e  a c o u s t i c   s o u r c e .  If w e  n e g l e c t  these p o i n t s ,  w e  
conclude t ha t  e n d   r e f l e c t i o n   l o s s e s   v e r y   n e a r l y   c a n c e l   t h e  f re -  
quency  dependent  changes  introduced by enc losu re   o f  t he  source  
w i t h i n  t he  p ipe .  It does   no t ,   f u r the rmore ,  seem t o  m a t t e r  
whether   the   source  i s  immersed   th ree   d iameters  or twenty- f ive  
diameters f r o m   t h e   e x i t   p l a n e .  

The i n f l u e n c e   o f  t h e  t r u n c a t e d   p i p e  upon t h e  f r e e f i e l d  
sou rce  i s  not   en t i re ly   f requency   independent ,   however .  The data 
show what might   be  construed as a n   i n v e r s e   l i n e a r   d e p e n d e n c e  
upon  frequency  over  the  mid-frequency  range  encompassing t h e  on- 
se t   f requency   for   c ross -modes .   Presumably ,   the   p ipe   enc losu l le  
e f f e c t  i s  not   exac t ly   matched  by t h e   e x i t   p l a n e   t r a n s m i s s i b i l i t y .  
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U P S T R E A M  OF P I P E   E X I T )  
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- I4 

S = f D / U ;  D = 1 . 6  cm SPOILER WIDTH 

F1G.Y-18 S U M M A R Y  O F  T E S T   R E S U L T S  F O R  
C Y L I N D R I C A L   S P O I L E R  18 i n  U P S T R E A M  O F  
P I P E   E X I T   ( T E S T  210):  

@ N o r m a l i z e d   s o u n d   p r e s s u r e   l e v e l  

% 
s p e c t r u m  
N o r m a l i z e d  d r a g  f o r c e   l e v e l   s p e c t r u m  

C D l f f e r e n c e   s p e c t r u m  
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VELOCITY  PROFILE 

I I 

TUBULENCE  PROFILE 

F1G.T-19 V E L O C I T Y   P R O F I L E   A N D   T U R B U L E N C E  
P R O F I L E   O N E   N O Z Z L E   D I A M E T E R   D O W N -  
S T R E A M  O F  N O Z Z L E   E X I T   P L A N E  
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1 

F1G.Y-20 T U R B U L E N C E   S P E C T R A   M E A S U R E D   O N E  
N O Z Z L E  D l  A M E T E R   D O W N S T R E A M  O F  
N O Z Z L E   E X I T   P L A N E  U j e t  = 130 m h e c  
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ONE-THIRD O C T A V E  BAND  CENTER FREQUENCY ( H Z )  
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ONE-THIRD OCTAVE BAND CENTER FREQUENCY ( H Z )  

F1G.Y-22 S O U N D  P R E S S U R E   L E V E L   S P E C T R A   ( T E S T  
202: A I R F O I L  I N  F R E E  J E T )  
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1 UJET ( r n l s e c )  -"-- 326 
" 220 

0 I 0 4  ... . .... ... 40 
-=- 18 

S =  fD/U; D = 2.3 cm = CHORD WIDTH 

F1G.Y-23  S U M M A R Y  OF T E S T   R E S U L T S   F O R   A I R F O I L  
I N  F R E E   J E T   ( T E S T  202) :  
@ N o r m a l i z e d   s o u n d   p r e s s u r e   l e v e l  

s p e c t r u m  

8 B N o r m a l i z e d   l i f t   f o r c e   l e v e l   s p e c t r u m  
C D i f f e r e n c e   s p e c t r u m  
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I 

U (m/sec) U (m/sec) 
- 12.5 A - 29 V - 16 0 - 45 

V -  16 O - 52 A - 2 5 . 5  0 - 7 2  
0 - 78.5 I - 105 

I I I 
/ / / //////////////////////////////~ 

INNER  PIPE WALL 

.8AO 
I 

0 1 2 3 4 5 6 7 8 
TURBULENCE  INTENSITY ('10) 

F1G.r-24 T U R B U L E N C E   P R O F I L E S   A C R O S S   P I P E   ( T E S T  181): 

8 A 2 i n  d o w n s t r e a m  o f  s i l k  s c r e e n s  
B Fu l l y  d e v e l o p e d   p i p e   f l o w  



c 
m 
b -14C 

\ 
3 

* -15C 

Io 

'3 
(D 
0 

I 
,0-160 
\ 
Q 

W ' -170 
0 

6 

c 
m 
d, 
0 

\ 
3 
3 
W 
0 
J 
0 

-60 

k0 
3 a ,p -70 

W s 
-80 

no 
\ 
Q 
W 3 -90 
0 0.c 
ll 5 0.01 2 L 

0. I 2 5 

T E S T  188 

S =  f DIU; D =  1.27 crn SPOILER l4IDTH 

F I G . 9 - 2 5  S U M M A R Y  O F  T E S T   R E S U L T S   F O R   S T R I P  
S P O I L E R  9 i n  U P S T R E A M  O F  P I P E   E X I T  
( T E S T  188, R E D U C E D   T U R B U L E N C E   L E V E L ) :  
@ N o r m a l i z e d   s o u n d   p r e s s u r e   l e v e l  

8 
s p e c t r u m  

D i f f e r e n c e   s p e c t r u m  
B N o r m a l i z e d   d r a g   f o r c e   l e v e l   s p e c t r u m  
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F 1 G . V - 2 6   R E L A T I O N S H I P   B E T W E E N   O V E R A L L   F L U C T U A T I N G  
D R A G   F O R C E   A N D   S T E A D Y - S T A T E   D R A G   F O R C E  
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L o o s e   Y a r n  
T e r m i n , a t i o n  

/ 

1 12 i n  

Source No. 1 S o u r c e  No. 2 

F I G .  A - 1  S O U R C E  D E S I G N  
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ONE-THIRD OCTAVE BAND  CENTER  FREQUENCY(Hz) 

F I  G. A - 2   F R E E - F I E L D   R A D  I A T 1  O N  F R O M   A C O U S T I  C 
M O N O P O L E   S O U R C E  
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M i c r o p h o n e  

S o u n d  
L e v e  I 
M e t e r  

- 
F i l t e r  

- 1 1 3 - O c t a v e - B a n d  A m p l i f i e r  

> A I 

E x p e r i m e n t a l  
S y s t e m  

' I  
I 

R a n d o m  
N o i s e  
G e n e r a t o r  

- H o r n  - - 1 / 3 - O c t a v e - B a n d  A m p l i f i e r  F i l t e r  D r i v e r  

F I G .  A - 3  S C H E M A T I C  O F  M E A S U R E M E N T   S Y S T E M  



0 SOURCE NO. I 

A SOURCE NO. 2 

~ ~ _ _ _  

c f -2 Q 

%%f-fT:fr 
1, 

1000 2000 4000 8000 16 
ONE-THIRD OCTAVE BAND  CENTER  FREQUENCY(H2) 

F 1 G . A - 4  I N F L U E N C E   O F   I N F I N I T E   P I P E  ON S O U R C E  
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FIG. A - 5   I N F L U E N C E  OF T R U N C A T E D   P I P E   O N   S O U R C E  

NASA-Langley, 1969 - 23 CR-1340 


